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FOREWORD 

This report was prepared by the Pratt & Whitney Aircraft Division 
of United Aircraft Corporation under Contract NAS3-6296. The  contract 
was administered by the Lewis Research Center of the National Aeronautics 
and Space Administration, Cleveland, Ohio. This report is the final report 
on the subject contract and summarizes the technical work conducted 
during the period 22 June  1965 to 15 June 1967. The  NASA Project 
Manager for the contract was Mr. John W. Gregory. 

The following Applied Research personnel at Pratt 8c Whitney 
Aircraft’s Florida Research and Development Center contributed to the 
technical effort and preparation of this report: J .  C. Matheson, T. E. Bailey, 
A. I. Masters (Program Manager), and J. E. Colbert (Deputy Program 
Manager) - program direction; R. A. Simmons and A. C. Schneli - theo- 
retical performance analysis and data reduction; J .  E. Jackson and J. 
Stettler - heat transfer analysis and testing; R. D. Steger - hardware design 
and test; and L. L. Kirkby - transpiration cooling analysis and nonequilib- 
rium performance calculations. In addition, numerous groups and individ- 
uals outside the Applied Research project group made major contributions 
to the program, most notably: M. H. Staggs and C. D. Devane - test facility 
operations; and R. C. Frink - flox analysis. 
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ABSTRACT 

Performance and cooling analyses were made to determine the highest 
performing light hydrocarbon fuels for use with flox in regeneratively 
cooled and transpiration cooled pressure-fed thrust chambers. Sea level 
and simulated-altitude rocket firings were made at nominal 1 00-psia 
chamber pressure and 5000-lb vacuum thrust in uncooled, transpiration 
cooled, and regeneratively cooled chambers using flox with methane, 
propane, and butene-I. Based on the data obtained in these tests, predicted 
performance was calculated for these propellants over a range of thrust 
levels. 

... 
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SECTION I 

INTRODUCTION 

Continuing interest i l l  the flox :light hydrocarl)oii propellant combi- 
nations can be attributed to their ability to satisfy a \.ariety o f  engine and 
vehicle requirenients for upper-stage rocket. applic;itions. The  floxjlight 
hydrocarbon coml)iiintions provide ( I )  high delivered performance, (2) high 
density, (3) space storability, (4) availability, (5) hypergolic ignition, and 
(6) the capability of cooling the thrust chamber with the fuel. 

An initial program conducted under Contract NAS3-4195 (Reference 1) 
had two major objectives relative to the iise of floxjlight hydrocarbon 
propellants. The  first objective was to select the most promising fuels for 
low chamber pressure (nominal 100-psia) upper-stage rocket engines. The  
second was to conduct an experimental evaluation of the selected fuels. 
Beca:ise the prime adwn rage of 1 ight hydrocarbons over other high-energy 
space-storable fuels is their cooling Characteristics, the experimental work 
was primarily an evaluation of chamber cooling in regenerative and trans- 
piration cooled thrust chambers. T o  facilitate the cooling study, modified 
RLlO concentric element injectors designed for gaseous fuel and liquid 
oxidizer were used rather than attempting to design and test a new injector. 

Concurrently with the contracted work, Pratt k Whitney Aircraft also 
conducted several separate programs covering ( I )  determination of the 
physical properties of hydrocarbon blends, (1) experimental investigation 
of hypergolic ignition characteristics, and (3) heated-tube tests to determine 
the coolant film coefficient5 in the nucleate, film, and bulk boiling regions. 
These programs were also reported in Reference 1. 

Some of the more significant conclusions drawn from these programs 
can be summarized as follows: 

1. Methane provides the highest theoretical specific impulse with 
flox of all the light hydrocarbon fuels, and is superior to all other 
hydrocarbons as a transpiration coolant. 

2. Propane provides the best combination of high theoretical per- 
formance with flox, good transpiration cooling characteristics, and 
good regenerative cooling characteristics for use in a composite 
cooling scheme; i.e., regenerative cooling of the exhaust nozzle and 
transpiration cooling of the thrust chamber and throat. Propane 
also has a much wider liquid range than methane, making its storage 
in space easier. 

1 
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3. Measured thrust chamber heat fluxes are well below conventional 
analytical predictions for the flox/hydrocarbon combinations be- 
cause of carbon deposition on the walls and/or free carbon in the 
boundary layer. This reduction in heat flux increases markedly 
with decreasing hydrogen-to-carbon atomic ratio. 

4. T h e  reduced heat fluxes encountered make full regenerative cool- 
ing with butene-1 or a eutectic blend of pentane and isopentane 
feasible over a wider range of thrust and chamber pressure than 
predicted theoretically. 

5. All the flox/light hydrocarbon combinations are hypergolic under 
conditions of an ambient sea level start. 

T h e  work detailed in this report was a logical extension of the previous 
investigation; the primary objective was to develop injectors suitable for 
liquid oxidizer/liquid fuel injection and to determine the altitude per- 
formance of cooled thrust chambers using flox with methane, propane and 
either butene-1 or the pentane blend. T h e  choice between the latter two 
fuels was to be determined by their regenerative cooling capabilities based 
on the experimental data previously obtained. T h e  program was divided 
into five tasks. Task I - Analysis and Design, included prediction of engine- 
delivered performance, determination of the cooling capabilities of the three 
selected combinations, and design of hardware for the Task 11, 111, IV, 
and V testing. Task I1 - Uncooled Sea Level Performance Tests, consisted 
of short-duration firings with flox/methane, flox/propane, and flox/butene-1 
for determination of injection requirements for high performance. Task 
I11 - Uncooled Altitude Tests, consisted of short-duration firings with flox/ 
methane and flox/butene-1 to obtain altitude performance and nozzle heat 
transfer data. Task IV - Transpiration Cooled Altitude Tests, was an 
experimental evaluation of a methane transpiration cooled thrust chamber 
under simulated altitude conditions. Task V - Regeneratively Cooled 
Altitude Tests, was an experimental evaluation of butene-1 in a convec- 
tively cooled tubular thrust chamber. 

2 
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SECTION II 

SUMMARY 

Sea level and simulated altitude tests were conducted to determine the 
chamber cooling capability and vacuum performance o f  fluorine-oxygen 
mixtures (flox) with light hydrocarbon fuels. T h e  investigation was an 
extension of analyses and sea level testing that were completed under 
Contract NASS-4 195 (Reference 1) using gaseous hydrocarbon fuels and 
liquid flox. From the success of that program it was evident that further 
investigation of the flox/light hydrocarbon combinations was warranted. 
As a logical continuation of the previous work, liquid-liquid injectors were 
designed and tested in uncooled and cooled thrust chambers at sea level 
and simulated altitude conditions. T h e  fuels considered were the four 
fuels tested under Contract NAS3-4195: methane, propane, butene-1, and 
a eutectic blend of pentane and isopentane. Of the four, methane, propane, 
and butene-1 were selected for test under this program. Test conditions, 
nominal 5000-lb vacuum thrust and 1 OO-psia chamber pressure, were selected 
to provide data applicable to pressure-fed upper-stage engines. T h e  fluorine 
concentration in the oxidizer was optimized for maximum theoretical per- 
formance with each fuel tested. 

Because of its high theoretical specific impulse and superior transpira- 
tion-cooling properties, methane was tested in a transpiration-cooled cham- 
ber with a radiation-cooled skirt. Based on its high specific impulse and 
regenerative-cooling capabilities, but  somewhat limited liquid heat capacity, 
propane was selected for use in a composite chamber using a regeneratively- 
cooled nozzle and transpiration-cooled chamber. Complete regenerative 
cooling with propane would have resulted in bulk-boiling and two-phase 
injection. Butene-1 was shown to have a wider range of applicability than 
the pentane blend and was selected for testing in a completely regeneratively 
cooled thrust chamber. Detailed analytical studies, which took into account 
performance losses associated with transpiration-cooling were conducted 
in the initial phase of this program. These studies indicated that at all 
thrust levels below 20,000 pounds the performance of methane and butene-1 
was superior to propane; hence, propane testing was suspended after 
early uncooled sea level tests. T h e  analysis and design of the test hardware 
are discussed in Section 111. 

Eighty-four uncooled sea level tests were conducted, with 13 modifica- 
tions of four basic injector designs, to determine injector performance and 
chamber heat transfer rates. These tests are discussed in Section V. It was 
found that relatively high performance could be obtained using unlike 
impinging multielement injectors only at mixture ratios below optimum. 
It  was also determined that because the flox/light hydrocarbon propellants 
have theoretical optimum mixture ratios that correspond to the stoichio- 
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metric mixture ratio, complete mixing was a critical requirement for obtain- 
ing high efficiencies. With the unlike-impinging injectors, high momentum 
ratios were a prerequisite in obtaining good mixing and high performance. 
At equal momentum ratios no appreciable efficiency difference was shown 
for the three fuels or for the various injector element configurations tested. 
Severe high frequency combustion instability encountered with butene-1 
was eliminated by the use of a quarter-length acoustic liner. 

Sixteen uncooled simulated altitude tests, which are discussed in 
Section VI, provided vacuum specific impulse and nozzle heat flux data 
with a nozzle having an expansion ratio of 40. The  peak in the measured 
vacuum specific impulse curve for flox/methane was 368 seconds (91yo of 
the theoretical vacuum specific impulse) at a mixture ratio of 4.0. Flox/ 
butene-1 had a maximum delivered vacuum specific impulse of 362 seconds 
(90% of the theoretical vacuum specific impulse) at a mixture ratio of 
approximately 3.85. Nozzle expansions losses due to kinetically limited 
recombination were estimated to be 2 to 4%, or only 20 to 4oy0 of the 
theoretically predicted amounts. In  all sea level and simulated altitude 
tests the flox/light hydrocarbon propellants were reliably hypergolic and 
produced smooth repeatable chamber pressure buildups. 

Heat transfer rates were generally below the analytically predicted 
values and showed the same trend measured in previous work, that of 
decreasing heat transfer with decreasing fuel hydrogen-to-carbon ratio. For 
flox/methane the total heat transfer rates were approximately 8 3 y 0  of 
analytical predictions as compared to 31y0 for flox/butene-1. As would be 
expected, chamber heat transfer was significantly affected by the injector 
pattern, and for one injector using flox/butene-1 the heat flux was above 
the theoretically predicted value. It was also found that injector design 
affected heat transfer rates throughout the nozzle. The  heat transfer data 
are discussed in Sections V, VI, and VIII. 

The feasibility of transpiration cooling, established under Contract 
NAS3-4 195, was further proved in ten flox/methane tests with durations 
up  to 30 seconds. Coolant flow rates were varied from a conservative 8% 
of the total propellant flow down to the predicted minimum of 4%. Max- 
imum vacuum specific impulse was 374 seconds (96% of the theoretical 
vacuum specific impulse) at an engine mixture ratio of approximately 
3.2 .  This reduction in the optimum mixture ratio below that measured 
in the uncooled tests corresponded to that predicted from no-mixing 
calculations. Coolant carryover significantly reduced the uncooled nozzle 
heat transfer rates for approximately 20 inches downstream of the last trans- 
piration-cooled section. The  transpiration-cooling data are discussed in 
Section VII. 
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Two convectively cooled tests were conducted using I-lox/butene-1 in 
modified RLlO thrust chambers. The butene-1 was supplied separately 
to the injector and the tubular coolant jacket. In both tests moderate 
thrust chamber damage was incurred. Damage consisted of several small 
holes in the tubes near the injector face and a few split tubes in the con- 
vergent portion of the chamber. The damage occurred primarily during 
the start transient. Both tests ran the planned 10.0 seconds, and no damage 
occurred to the nozzle throat or the divergent portion of the nozzle. T h e  
primary problem areas discovered from the testing were as follows: (1) 
normal circumferential heat flux variations are significantly increased with 
flox/butene-1 and other flox/hydrocarbon combinations because of the 
interrelationship between circumferential heat flux variations and the 
thickness of carbon deposits on the chamber wall, and (2) a coolant pressure 
surge, caused by sudden expansion of the coolant, occurs during the thrust 
chamber start transient. It is believed that both problems could be ade- 
qil;ltely minimized with moderate development, and that regenerative cool- 
ing with butene-1 at nominal 100 psia chamber pressure and thrust levels 
of 5000-lb or higher is entirely feasible. 

In  Section IX, analytically predicted engine performance values based 
on 100-psia chamber pressure and an expansion area ratio of 40 are shown 
for each of the three fuels with flox. A range of values is presented covering 
engines with full thrust ratings from 3,000 to 20,000 pounds with 10-to-1 
throttling capability. At 5000-lb full thrust the following deliverable per- 
formance is predicted: 386 seconds for a transpiration-radiation cooled 
flox/methane engine, 373 seconds for a regeneratively cooled flox/butene-1 
engine, and 368 seconds for a transpiration-regeneratively cooled flox/ 
propane engine. These predictions are based on the conservative assump- 
tion that a 1.50/, performance increase could be realized with further 
injector development at low mixture ratios, and an increase of 2.5y0 could 
be obtained at the theoretical optimum mixture ratios where increased 
mixing is a critical factor. 

T h e  measured vacuum specific impulse with both flox/methane and 
flox/butene-1 was higher than has been demonstrated with any other space- 
storable propellants in fuel-cooled thrust chambers. Substantial improve- 
ments in flox/light hydrocarbon performance can be obtained with moderate 
injector development aimed at improving combustion product mixing. T h e  
superior cooling ability of these fuels coupled with their demonstrated high 
performance indicate that addtional flox/light hydrocarbon research and 
development are warranted. 
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SECTION 111 

TEST COMPONENT ANALYSIS AND DESIGN - TASK I 

A. DESIGN REQUIREMENTS 

The  nominal desiyi conditions for all test hnrd~vare were 100-psia 
chamber pressure and 3OOO-lb vacuum thrust based on n nozzle expansion 
ratio of 40. Injector decigns were based on an oxidizcr inlet temperature 
of approximately 160"R and a fuel inlet temperature o f  180 to 5OO"R. 
I Jncooled copper thrust chambers were designed to provide test durations 
o f  4.0 to 6.0 seconds for evaluation of sea level performance and heat 
transfer. Uncooled stainless steel nozzle extensions were designed for 
attachment to existing copper thrust chambers to provide an area ratio 
of 40 bell nozzle for simulated altitude performance tests. Design modifi- 
cations were made to transpiration-cooled thrust chambers fabricated under 
Contract NAS3-4i95 and RLlG tubular reger.erative!y cooled thrust cham- 
bers for use in cooled firings at simulated altitude conditions. 

B. INJECTORS 

1 .  DESIGN CONSIDERATIONS 

The  processes for combustion of liquid rocket propellants are generally 
categorized as atomization, vaporization, mixing, and reaction. From the 
standpoint of the time required for efficient combustion, atomization and 
vaporization are directly related and may be considered together as the 
vaporization rate. T h e  vaporization rate is a function of the degree of 
atomization or propellant droplet size, the combustion chamber geometry, 
and the physical and thermodynamic properties of the propellants and 
their coml,ustion products. Xlixing is promoted primarily by turbulent 
mixing of the propellants and their combustion products near the injector 
face, and secondarily by turbulence and diffusion of the hot gases as they 
flow through the combustion chamber. Chemical reaction rates are very 
high for most common rocket propellant combinations, hence their effects 
are generally neglected. 

T h e  effect o f  atomization on vaporization rate and ultimately on 
combustion efficiency has been studied analytically and experimentally 
(References 2 and 3). It has been shown that in many cases the predominant 
rate controlling factor is the propellant droplet size. Droplet diameter has 
been correlated empirically for like-on-like impinging jets to the ratio of 
Weber number to Reynolds number (References 4, 5,  and 6), and, more 
conveniently, as a function of jet diameter, jet velocity, and gas velocity as 
shown (Reference 7): 

D30 = ClJm + C,DjAV (where: AV = V g 
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Similar correlations have not been developed for unlike impinging jets; 
however, such correlations would be expected to relate droplet size primarily 
with the same parameters as the like impinging jets. 

In the operating regime where combustion is limited by propellant 
vaporization it would be expected that, although performance efficiency 
would drop of€ as orifice diameter is increased, there would exist n certain 
minimum orifice diameter below which efficiency may no longer be im- 
proved by further reduction in orifice size. Experience with various pro- 
pellant combinations, including several using fluorine-base oxidizers (Refer- 
ences 8 and 9), has indicated this to be so. For oxidizer injection velocities 
on the order of 75 to 100 ft/sec, performance was shown to drop off rapidly 
as the orifice diameter was increased above 0.090 inch, whereas reductions 
in the diameter below 0.030 inch showed little performance improvement. 

For a given propellant flow rate and chamber geometry, a reduction 
in orifice diameter can only be accomplished by increasing either the pro- 
pellant velocity or the number of orifices. T o  determine the effect of orifice 
diameter at constant velocity and flow rate; chamber pressure, chamber 
geometry, or injector element density must be varied. Such changes in 
pressure, geometry, or element density will affect turbulent mixing near 
the injector as well as propellant vaporization. Thus, it is difficult to 
separate the effects of atomization and the effects of mixing on gradual 
increases in performance with decreasing orifice diameter. While it is not 
now possible to separate the effects of atomization and mixing on the slope 
of a curve of orifice diameter versus efficiency, a sharp break in the curve, 
as found in Reference 9, is undoubtedly caused by a sudden change in the 
extent of vaporization in the chamber. 

Vaporization occurs continually down the length of the combustion 
chamber to the point of complete vaporization; therefore, low efficiency 
caused by incomplete vaporization can be at least partially offset by in- 
creased chamber length. On the other hand, radial mixing of gases down- 
stream of the primary combustion zone near the injector face occurs at a 
relatively slow rate. Thus, for high efficiency within a permissible chamber 
volume it is necessary that the propellants be well mixed near the injector 
face either by liquid phase mixing or by turbulent gas phase mixing 
generated by the combustion process. As the propellants are injected, 
mixture ratio variations across the face of the injector may occur either 
from variations of flow through the various elements or  from incomplete 
mixing of the propellants flowing through an individual element. Element- 
to-element mixture ratio variations can be virtually eliminated by careful 
design and manufacture of orifices and propellant manifolds. The  only 
significant mixture ratio variations for a well-constructed injector are those 
intentional variations that are designed into the injector for control of 
chamber wall heat flux. 
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Minimization of mixture ratio variations within individual elements 
is more difficult to accomplish. The  most widely accepted mixing correla- 
tons for impinging stream injectors were developed by the Jet Propulsion 
Laboratory (References 10 and 11). T h e  JPL equations are based on 
correlation of nonreactive flow-bench test data using two immiscible 
fluids. Application o f  the J PL correlations to flox/light hydrocarbon pro- 
pellants is of questionable validity because: (1) mixture ratios for maximum 
theoretical specific impulse with flox/light hydrocarbon propellants are 
wnsiderably higher than the experimental flow data, and (2) for hyper- 
golic propellants with short ignition delay times such as the flox/light 
hydrocarbon combinations, the mixing process is disturbed by gas evolution 
at the impingement point (Reference 11). 

A high degree ot mixing is extremely critical with the flox/light hydro- 
carbon combinations because the oxidizer-to-fuel ratio for maximum 
theoretical specific impulse occurs at a high mixture ratio and at the stoichio- 
metric mixture ratio rather than at some value below the stoichiometric 
ratio as with most other propellant combinations. As a result, a given 
amount of incomplete mixing results in a su1)stantially higher performance 
loss than a similar degree of incomplete mixing with other propellants. 

The criticality o f  propellant mixing is compared in figure 111-1 for 
flox,.'CH, ant1 N.,0,,/50'~:, N,H, + 507,, ITDXIH. For comparison, it is 
assirnicd tli;tt rlic cwnhustion prodiicts o f  the propellant combinations of 
interest may be divided into two stream tubes of equal mass flow rate. T h e  
fuel concentration in one stream tube is assumed to be less by some arbitrary 
amount than the fuel concentration based on the average overall mixtiire 
ratio. T h e  percentage o f  fuel in the second stream tube required to provide 
the average mixtlire ratio is then determined. T h e  two stream tubes are 

0 5 10 15 20 25 30 35 
DIFFERENCE IN FUEL CONCENTRATION - % 

F i p r r  111-1. Pprfovninncc, I.os5 Dur to Incomplete Mixing  FD I9737 
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expanded isentropically and the averaged characteristic velocity compared 
to the value based on complete mixing. A comparison of the criticality of 
mixing of two propellant combinations may then be obtained by comparing 
the performance degradation for an equal differential fuel concentration 
between the two stream tubes. As shown in figure 111-1, a differential of 
10% in fuel concentration between the high and low mixture ratio stream 
tubes results in less than a 1.0% cx loss for the N90,/5070 N,H, + 50% 
UDMH combination, while the same difference in fuel concentration results 
in more than a 7.5y0 c" loss with flox/methane. The  model used does not, 
of course, describe the mixture ratio distribution that occurs with incom- 
plete mixing. It does, however, provide comparison of the relative criticality 
of mixing for the two propellant combinations. 

One restraint imposed on the injector design for this particular pro- 
gram was that the injector diameter be 10 inches to match the RLlO 
tubular thrust chamber and the transpiration-cooled thrust chamber fabri- 
cated under Contract NAS3-4195. T h e  io-iiich diameter injectijr in con- 
junction with the existing chambers produced a contraction ratio of 2.8. 
Estimation of face heating of the 10-inch diameter injector operating at 
100-psia chamber pressure indicated that adequate regenerative cooling of 
the injector was possible with either propane or butene-1. Conversely, 
the higher heat fluxes predicted for flox/methane combined with the narrow 
liquid range of methane indicated that supplementary face cooling was 
required. This was accomplished by using transpiration cooling for the 
injector face. 

2.  INJECTOR DESCRIPTION 

Four basic element patterns were designed and tested. Unlike imping- 
ing quadruplet and triplet configurations were selected for the initial testing 
based on their inherently good mixing characteristics; later, like-on-like 
doublet and unlike impinging pentad configurations were chosen. Two 
modifications of the basic patterns were also designed and tested: (1) a 
combination triplet-quadruplet injector having approximately 50% of each 
type element, and (2) a quadruplet injector with swirlers in the oxidizer 
orifices. In addition to the six different configurations tested, several differ- 
ent orifice sizes were used with the triplet, quadruplet, and pentad injectors 
to provide variation in the fuel-to-oxidizer injection momentum ratio. 
Thirteen different modifications were tested using four separate injector 
bodies. A table summarizing the injector flow characteristics is presented 
in Section V in conjunction with the experimental sea level performance. 
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a. Quadruplet 

T h e  quadruplet injector (figure 111-2) had 232 elements each consisting 
of two oxidizer orifices and two fuel orifices whose streams impinged at 
a common point. T h e  first configuration of the quadruplet injector, S(1), 
had oxidizer and fuel orifice diameters of 0.028 and 0.0145 inch, respectively, 
to provide a high degree o f  atomization. Later modifications, designated 
S(1-A) and S(1-C), had increased oxidizer orifice diameters of 0.031 and 
0.038 inch to provide increased fuel-to-oxidizer momentum ratios. Injector 
S(1-B) had swirlers in the oxidizer orifices in an attempt to improve pro- 
pellant distribution as discussed in paragraph 3. These injectors also had 
40 0.0135-inch diameter fuel orifices drilled in the circumference of the 
injector to provide a small amount of film cooling. 

,-Oxidizer 
Fuel- 
L 

Manifold Housing 

Coolant Orifice 
0.300 

Figure I I I -2 .  Solid Face Quadruplet  Injector FD I9738 

The  injector was fabricated from nickel to provide a high metal kindling 
temperature with fluorine and good high temperature strength. Complete 
separation of fuel and oxidizer was assured by fabricating the body from 
a single nickel forging so that mechanical seals and welds were not required 
for separation of propellants. Blind passages were avoided in all areas 
exposed to liquid flox to assure adequate cleaning and passivation. Good 
distribution across the face of the injector was maintained by providing 
adequate interior manifolding. The fuel orifices were fed by 21 0.215-inch 
diameter holes across the face of the injector, and the oxidizer holes were 
fed from the large cavity in the back of the injector. 
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b.  Triplet 

The  triplet injectors (figure 111-3) consisted of 241 elements each having 
two oxidizer orifices and one fuel orifice. Injector R(1) had 0.028-inch 
diameter oxidizer orifices and 0.020-inch diameter fuel orifices. The  
injector face was transpiration cooled. T h e  porous faceplate material was 
Rigimesh,,,, a sintered wire material made by Aircraft Porous Media, Inc. 
Injector R(1) used %ply stainless steel Rigimesh rated at 120 scfm for a 2-psi 
pressure differential. A second injector R(2) was designed and fabricated 
using 30-scfm Rigimesh to reduce face coolant flow, thereby improving 
propellant distribution. T h e  faceplate of injector R( 1) was later replaced 
to provide an intermediate coolant flow with 60-scfm Rigimesh. This 
modification was designated R( 1-C). Other modifications included: (1) in- 
creasing the oxidizer orifice diameters to 0.088 inch to increase the fuel-to- 
oxidizer momentum ratio: designation R(1-C), (2) making 50% of the 
elements into a quadruplet configuration: designations R(  I-A) and R(  I-B), 
and (3) replacing the Rigimesh face with a solid nickel face: designation 
R(2-B). 

rOxidizer 

Fuel Manifold 
Oxidizer Housing 

Main 
(NIC 

Fuel Orifice 

Orifice ... ~ I . L - I L L - A L I . _ I V ~  . . . . . . .  u ........................ . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  ........................ . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  ..................... . . . . . . . . . . . . . . . . . . . . . . . .  7 ............................................ 

......... . . . . . . . . . . . .  Fuel 

Figure 111-3. Rigimesli F n c ~  Triplet  Injector FD 19739 

The injector body was constructed of solid nickel. T h e  face of the 
injector was machined leaving oxidizer spuds through which the oxidizer 
orifices were drilled. T h e  Rigimesh face fitted around the spuds covering 
milled fuel passages that distributed the fuel. Fuel was injected through 
orifices drilled through the Rigimesh and through the porous Rigimesh 
face itself. Faceplates were attached with screws in the first designs. In 
later modifications the faceplate was welded to the injector body, as shown 
in figure 111-4, to eliminate fuel leakage around the oxidizer spuds. Oxidizer 
manifolding was identical to the quadruplet design. 
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Figure 111-4. Rigimesh Face Triplet  Injector Faceplate Installation F D  19740 

c. Doublet 

A triplet injector was converted to a like-on-like doublet configuration 
by replacing the Rigimesh faceplate. T h e  resulting injector designated 
R(2-A) had 241 pairs of 0.028-inch diameter oxidizer orifices and 124 pairs 
of 0.021-inch diameter fuel orifices. 

d .  Pentad 

A pentad injector, designated S(2), is shown in figure 111-5. The  design 
had 205 elements each consisting of four 0.028-inch oxidizer orifices and 
one 0.022-inch fuel orifice. A subsequent modification, S(2-A), had 0.025- 
inch diameter fuel orifices and 0.053-inch diameter oxidizer orifices. Con- 
struction and manifolding were similar to the quadruplet injector. 
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,-Oxidizer 

% \\coolant Orifice 
Impingement Point 

xidizer Orifice 

.......................... . . . . . . . . . . . . .  .......................... . . . . . . . . . .  .............. . . . . . . .  ............... 

Figiirr 111-5. S o l i d  Fncr P m l n d  Injartor  

Coolant Holes 

FL, 19741 

3 .  W A T E K  FLOW B E N C H  T E S T S  

Flow areas for the various injector modifications were determined by 
water flow calibrations. Figure 111-6 shows the flow pattern obtained with 
several o f  the element configurations tested. Note that good atomization 
is obtained with all injectors. T h e  porous face injectors show some droplet 
flow through the face; however, this does not occur during a hot firing, 
particularly with methane, because the fuel vaporizes within the faceplate 
restricting the amount of flow. 

Water flow examination of sample like-on-like impinging jets showed 
that jet breakup produced by the swirlers allowed the streams to penetrate 
each other and produce a spray fan in a plane passing through the center- 
lines of the two orifices. This is in contrast to the perpendicular fan pro- 
duced by two impinging streams without swirlers. A water flow of a sample 
quadruplet element with swirlers in the oxidizer orifices was then made. 
As expected, the water flow indicated that an even mixture ratio was 
obtained across the coincident fans. On this basis the quadruplet injector 
was modified to include swirlers in the oxidizer orifices as previously 
discussed in paragraph 2n .  T h e  swirler and orifice dimensions are shown 
in figure 111-7. 
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Porous Face Triplet - R(1-C) 
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Figure 111-6. Injector Water  Flow Patterns 
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Solid Face Pentad - S(2-A) 

Porous Face Triplet-Quadruplet 
R(1-A) - 30 scfm Rigimesh 

FD 19742 

?P 0.090 in. Dia 

Figure I I I -7 .  Typical Swirler Inslallntion 
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Because the effect of incomplete mixing was known to be severe with 
the flox/light hydrocarbon combinations, a water flow investigation was 
conducted to determine the extent of element-to-element mixture ratio 
variations and the potential effect of these variations on performance. 
Figure 111-8 shows the measured distribution for the pentad injector, S(2-A). 
Both the water-calibrated mixture ratios for each element and the percent- 
age flow through each element are shown based on flox/butene-1 at an 
average mixture ratio of 3.85. T h e  characteristic velocity loss with this 
distribution would be less than 47, even if there were no mixing between 
elements. T h e  major source of this calculated loss came from the mixture 
ratio shift produced by the 10.57, of the fuel that was injected through the 
fuel coolant orifices at the circumference of the injector face. With all the 
other injectors tested, the fuel flow through the circumferential coolant holes 
was less than 57,, hence the calculated loss from no element-to-element 
mixing would be only about half of the calculated loss for injector S(2-A), 
or less than 2Y0. 

F i g w e  I I I - 8 .  F h x  lRutenc~- l  hZ i x t  urc Rntio Distribution f o r  
Pr n t (1 tl I n  j u t  or : Overti1 1 I%{ i x  t urr K a t  io = 3.8 5 
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C. UNCOOLED THRUST CHAMBERS AND EXHAUST NOZZLES 

The  uncooled chambers were fabricated trom high purity oxygen-free 
copper. Copper v a s  selected because of its high thermal conductivity, 
high specific heat, and satisfactory yield strength at elevated temperatures. 
The  15-degree thruut chamber used for sea level tests was machined from a 
single copper billet. Dimensions of this chamber, shown in figure 111-9, 
are identical to those in chambers tested under Contract N,\S.7-4195 (Refer- 
ence 1) except for the nozzle divergence angle and area ratio. The  exhaust 
nozzle of this chamber had a 15-degree half-angle and an area ratio of 1.98, 
which permitted operation at sea level conditions without flow separation 
for chamber pressures well below the 100-psia design point. T h e  chamber 
length was 12.00 inches from the injector to the throat and the contraction 
ratio was 2.8 to provide ;I characteristic length, L", of 27 inches. A 10-inch 
cylindrical chamber extension was also designed to provide a total Lx of 
55 inches. T h e  wall thickness for the chambers and extension was a constant 
0.50 inch in a plane perpendicular to the chamber centerhe .  This rhiiliiless 
was chosen to keep predicted maximum wall temperatures at an acceptable 
level for test durations of 4 to 6 seconds and still provide good transient 
temperature measurements on the outside surface. T h e  uncooled chamber 
used with stainless steel skirts in the simulated altitude tests was a modified 
chamber previously used under Contract NAS3-4195. Modifications con- 
sisted of welding a nozzle attachment flange to the exit and changing the 
chamber injector seal surface. Chamber dimensions (upstream of the throat) 
were identical to those of the sea level chambers. T h e  nozzle had a 30-degree 
half-angle and an expansion ratio of 3.54. 

ia 

Kistler Transducer Boss 

RLlO Chamber Contour 

ta be Maintained 
through this Distance 

Injector Attachment Flange 

Figure 111-4. Uncooled Copper 15-Degree Nozzle Thru.rt Chamber FD 134204 
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Instrumentation for both chambers consisted of 35 chromel-alumel 
thermocouples located axially along the chamber and 24 located circum- 
ferentially in two locations: 12 at the throat and 12 at points 5 inches from 
the injector face. In addition, the sea level chamber had 16 thermo- 
couples spaced at 0.25-inch intervals over a SO-degree quadrant located 1.5 
inches from the injector face. All thermocouples were imbedded in the 
outer surface of the chambers and the junctions were flame-sprayed with 
copper to provide high conductivity and strength. The  chambers were 
then wrapped with insulation and given a protective glass-fiber coating. 
The insulation provided the necessary adiabatic boundary condition for heat 
transfer data reduction. Kistler high-frequency transducers were installed 
90 degrees apart and approximately 1.5 inches from the injector face. 

An uncooled truncated bell nozzle extension was fabricated for the 
simulated altitude tests. The  nozzle provided an area ratio of 40 when 
attached to the uncooled or the transpiration-cooled chambers. The  con- 
toured nozzle had a perfect nozzle contour of 78, truncated to 40. The  
attachment area ratio was 3.54. The  nozzle, shown in figure 111-10, was 
constructed of 0.100-inch thick stainless steel. The  thickness was selected 
as an optimum for obtaining accurate heat transfer data from 4- to 6-second 
uncooled tests. Strength and rigidity were provided by circumferential 
bands at four locations along the nozzle. One band also served as a sliding 
seal surface for the diffuscr during altitude tests. 

rDiffuser Seal Band ~ 

\Contour for Untruncated 
Attachment I o n  Area Ratio of 78 1 

r 
11.20 Dia 

Figure 111-10. 

38.30 Nominal 

Uncooled Truncated Bell Nozzle Extension FD 13423A 

18 



Pratt & Whitney Flircraft 
PWA FR-2227 

Exhaust nozzle extension instrumentation consisted of 12 axial and 
8 circumferential chromel-alumel thermocouples. T h e  circumferential 
thermocouples were located every 45 degrees in a plane approximately 
9 inches from the throat ( E ,  = 8). Chromel-alumel thermocouples were 
tack-welded to the outer surface and covered with an insulating blanket 
and fiberglass in a manner similar to that of the copper chambers. Com- 
bustion gas static pressures were measured at four places along the nozzle. 
The  uncooled chamber and nozzle assembly shown in figure 111-1 1 includes 
an acoustic combustion liner that was used in tests with butene-1. 

No 
I 

Thrust Mount 

Thermocouples for 
Acoustic Liner Measuring CavitJ 

Kistler Transducer 
Location 

Static Pressui 
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Figure I I I - 1 1 .  Uncooled Chamber m i d  Sozz le  AAwmbly for Alti tude Tests 
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D. ACOUSTIC ABSORBING LINER 

An acoustic absorbing liner was designed for use with the uncooled 
altitude firings if high frequency combustion instability was encountered 
during early tests. The  liner is basically a series of energy-attenuating 
perforations in the chamber wall. T h e  liner design was based on methods 
presented in Reference 12. It was configured to attenuate pressure oscilla- 
tions caused by combustion instability of the first tangential mode at a 
predicted frequency of approximately 3 100 cps for the flox,/light hydro- 
carbon propellants in the IO-inch diameter chamber. The  design covered 
one-quarter of the chamber wall in the area nearest to the injector. It has 
been shown that this location is the most effective for suppressing combus- 
tion oscillations and that  a quarter-length liner is adequate. 
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The  design analysis included the variation of aperture diameter, back- 
ing distance, and open area ratio using the copper chamber which provided 
a constant liner thickness of 0.5 inch. T h e  results of the analysis, shown 
in figure 111-12, indicate that it is possible to obtain an absorption coeffi- 
cient of 99% for an aperture diameter of 0.10 inch and an open area of 
8.5%; this design would require approximately 1000 holes. T o  reduce fabri- 
cation costs, a liner with fewer holes - each having an aperture diameter 
of approximately 0.21 inch (9.7y0 open area) - was selected. This produced 
an absorption coefficient above 95% over a frequency range of 2900 to 
3250 cps. A schematic diagram of the acoustic liner is shown in figure 
111-13 and the exterior pressure vessel can be seen in the assembled chamber 
previously shown in figure 111-1 1. 
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E. TRANSPIRATION-COOLED CHAMBER 

T h e  transpiration-cooled chamber used in previous tests under Con- 
tract NAS3-4195 was modified for simulated altitude testing. T h e  chamber 
is divided into eight separate segments enclosed in a cylindrical shell, shown 
in figure 111-14. Internal dimensions are similar to the uncooled chambers 
except that the contoured convergent section is replaced by a conical section 
to reduce fabrication costs. Chamber walls are constructed of Rigimesh. 
Coolant flow orifices within each segment provide for distribution of coolant 

I 
11.20 in. dia 

t Rigimesh Liner -/ @-/ 10.00 in. dia 
5.98 in. dia 

L.12.35 in.- 4 
Figure I l l - 1 4 .  TranspircLtion-Cooled Chamber Assembly FD I9746 

T h e  assembled chamber is shown in figure 111-15. T h e  eight segments 
are stacked in a stainless steel cylinder that serves as a common coolant 
manifold. Alignment pins running through the segment stack maintain 
segment alignment and provide seal compression between the segments. 
T h e  exit end of the cylinder is connected to a flange containing sealed 
instrumentation connections for joining internal and external portions of 
the instrumentation circuits. Modifications to the chamber for use in 
this program included: (1) changing the injector seal surface for acceptance 
of the liquid-liquid type injectors (RL10 injectors were used in the previous 
program) and (2) modification of the nozzle exit flange for acceptance of an 
exhaust nozzle extension. The  segments are constructed to have the same 
inside diameter as the adjacent segments at the segment junctions. This is 
done to form smooth chamber walls and prevent localized hot spots. A 
typical segment is shown in figure 111-16. Each segment is machined from 
a solid piece of stainless steel with internal passages to permit axial and 
radial coolant flow within the segment. T h e  Rigimesh chamber wall liners, 
formed to the proper inside diameter, are mated to the segments by butt- 
welding. T h e  two ends of each liner are cut diagonally with respect to the 
chamber axis so that coolant carries over the full penetration butt welds. 
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Coolant flow to the Rigimesh is controlled by four metering orifices 
located around the outer diameter of each segment. T h e  orifices can be 
drilled to any diameter up to 0.150 inch to obtain any desired coolant 
distribution t o  the cegments. Because of variations and uncertainties in 
coolant pressure drop across the Rigimesh, the orifices are designed to take 
60 to 95% of the total coolant pressure drop, thus maintaining the desired 
distribution. T h e  predicted Rigimesh drops and the prediction method 
are presented in Appendix B. Rigimesh liner material capallle of satisfying 
the flow requirements is available in many combinations of thickness and 
number of mesh layers. Eight-layer 12 x 64 mesh material with the required 
porosities was selected to provide a workhorse-type chamber. 

The chamber was inytrrimented with 16 chromel-alumel thermocouples 
(0.032-inch diarnetcr metal-sheathed) imbedded within the Rigimesh cham- 
ber walls and 8 pressure taps located internally within each segment. 
Fourteen of these thermocouples provided chamber combustion-side (Rigi- 
mesh hot-side) temperatures and two provided liner outer diameter 
(Rigimesh cold-side) temperatures. Circumferential hot-side temperature 
variations were measured in the 2nd and 7th segments with four thermo- 
couples in each segment oriented 90 degrees apart. A single hot-side thermo- 
couple was located at the top of each of the six remaining segments and 
single cold-side thermocouples were located at the top of the 3rd and 6th 
segments. Coolant cavity pressure was measured in each segment by means 
of hypodermic. tubing connecting the segments to fittings located in the 
instrumentation flange. 

A design of a transpiration-radiation cooled nozzle extension, scheduled 
for use in Task IV teqting, was completed using experimental film coeffi- 
cients which included the effect of coolant carryover determined from the 
transpiration-cooled tests with an uncooled nozzle. It was found that attach- 
ment of a radiation-cooled skirt at an area ratio of 9 would result in a max- 
imum wall temperature of 2460"R. This wall temperature would be 
acceptable with a Hastelloy X, T D  Nickel or TZM skirt, coated to resist 
oxidation. Operation at wall temperatures of 2160"R would allow the use 
of a stainless steel skirt, but would require transpiration cooling to a sig- 
nificantly higher area ratio for steady-state operation. 

Figure 111-17 shows an assembly drawing of the nozzle. T h e  trans- 
piration-cooled section is manufactured from a single sheet of constant 
porosity Rigimesh. T h e  coolant manifold is divided into two separate 
sections to  provide control over coolant distribution. Any desired flow 
split could lie obtained by changing the removable metering orifices 
located in the coolant inlet fittings. 
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Figure I I I -17 .  Transpiration-Radiation Cooled Nozzle Assembly FD 18131A 

Heat transfer results from the transpiration-cooled tests with the un- 
cooled nozzle indicated that the uncooled stainless steel nozzle, which 
attached at an area ratio of 3.54, would be acceptable for test durations of 
35 to 40 seconds. This exceeded the maximum 30-second test duration 
specified in the Transpiration Cooled Test Plan. It was decided that the 
transpiration-cooled program objectives could be achieved with the uncooled 
nozzle because: (1) engine performance would not be significantly affected 
by the small amount of coolant injected between the area ratios of 3.5 and 
9, and (2) the feasibility of transpiration cooling had been proved in the 
hard-to-cool throat and chamber regions. Therefore, the transpiration-radia- 
tion cooled nozzle was not fabricated and the program was completed using 
the uncooled stainless steel nozzle. 

F. REGENERATIVELY COOLED THRUST CHAMBER 

Two RLlO thrust chambers were modified for use in regeneratively 
cooled simulated altitude tests with flox/butene-1. The  RLlO thrust cham- 
ber, shown in figure 111-1 8, is a pass-and-a-half tubular chamber constructed 
with 180 full-length tubes interspaced with 180 shorter tubes in the nozzle. 
Combustion chamber dimensions are identical to the uncooled chambers. 
The  nozzle contour is based on the method of characteristics perfect contour 
for an untruncated area ratio of 78, truncated to an area ratio of 40 to 
achieve minimum surface area per unit thrust. This contour is the same 
as that of the uncooled nozzles. Fabrication and tube dimensional details 
are given in Reference 13. 
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Injector Flange- 

Figure 111-18. KLlO Thrust  Chnmbev Modified for Butene-I Testing FD 18469 

For a preliminary cooling feasibility study, combustion-side film co- 
efficients equal to 25y0 of those predicted by the Bartz short form (Reference 
14) were used in the chamber and at nozzle area ratios below 4. This 
reduction was based on experimental sea level data obtained in Contract 
NAS3-4195 and in early uncooled sea level testing under this contract. 
Experimental film coefficients at area ratios above 4 were not available 
for the study; however, extrapolation of sea level data appeared to indicate 
that the reduction below the theoretical film coefficient would be slightly 
less than that observed in the chamber. Therefore, film coefficients in the 
nozzle were reduced to 35y0 of the Bartz short form values. Coolant-side 
nucleate and film boiling data used were based on the experimental heated 
tube data presented in Reference 1. 

Table 111- 1 compares the various cooling conditions and configurations 
investigated. Note that a parallel-flow coolant path provided the lowest 
wall temperatures. Parallel flow was thus selected for the planned test 
program. The  flow path is shown schematically in figure 111-19. This 
flow path is the reverse of the normal coolant direction of the RLlO when 
used with hydrogen. Convective cooling in the nucleate boiling regime 
throughout the cooling jacket resulted in a maximum tube wall temperature 
of approximately 700"R. Because of the uncertainty in the nozzle heat 
transfer level, Configurations D and E were investigated using higher per- 
centages of the Bartz coefficients at area ratios above 4.0. For nozzle heat 
transfer rates below approximately 70% of the Bartz predictions, the coolant 
would remain in the liquid phase throughout the jacket. 
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TABLE 111-1. COMPAKISON OF BUTENE-1 KE<;ENEKATIVE COOLING 
CONFIGURATIONSI 1 ) 

C o n f i g u r a t i o n  Chamber I n l e t  Maximum Wall Coolant  Type of  B o i l i n g  F i l m  C o e f f i c i e n t  
Coolant Flow Tempera ture ,  Tempera ture ,  Subcool ing  Encountered 

D i r e c t i o n  O R  O R  a t  E x i t ,  
OR(2) 

A Counter  Flow 200 1800 123 Nuclea te  t o  1 i n .  25% o f  B a r t 2  
( i n  chamber) b e f o r e  t h r o a t ; f i l m  i n  chamher to 

b o i l i n g  remainder te = 4 ,  35% 

t o  te = 40 

25% of B a r t 2  
i n  chamber t o  

N u c l e a t e  B P a r a l l e l  Flow 200 7 00 107 

te = 4, 35% 

t o  t = 40 

25% of  B a r t z  
i n  chamber t o  
te = 4 ,  35% 

t o  te = 40 

25% Of B a r t 2  
i n  chamher t o  
te  = 4 ,  50% 

t o  te = 40 

- 14 Nuclea te  t o  j u s t  25% of B a r t 2  
b e f o r e  e x i t  i n  chamber t o  

te = 4 ,  75% 
t o  t, = 40 

E P a r a l l e l  Flow 175 7 00 

C P a r a l l e l  Flow 175 700 128 Nuclea te  

D P a r a l l e l  Flow 175 700 7 4  Nuclea te  

I 
I Butene1 Outlet 

Figure 111-19. Chambcr  Coolant Flow Patti FLI 19749 

Based on these calculations the use of an unmodified RLlO chamber 
was satisfactory, therefore, the first chamber modification was limited to 
a change in the injector attachment flange. Tube  failures encountered 
in testing that chamber (see Section ~ 1 1 1 )  indicated that additional modifi- 
cations were necessary to provide increased cooling margin in the chamber 
area immediately downstream of the injector. T h e  second chamber was 
modified using spiral tube fillers extending from the inlet manifold to a 
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point 8 inches downstream of the injector face. These fillers, shown schemat- 
ically in figure 111-20, allowed higher heat fluxes to be absorbed while 
remaining in the nucleate boiling regime. Based on heat flux data obtained 
in uncooled tests, the heat fluxes near the injector were approximately 
22T1 below the upper limit value without the fillers and S S Y ,  below with 
the fillers. These fillers had previously been used successfully in chamber 
tests under Contract NAS3-4195. Additional protection against high local 
heat flux was provided by filling the areas between the tube crowns with 
silver braze for a distance of 2.5 inches from the injector, figure 111-20. T h e  
high conductivity silver provided additional conduction paths in the areas 
of nonuniform heat flux. 

ilver Addition for 
Increased Conduction 
from Tube Crown 

Cross Section of Chamber Tube 
Showing Filler Insert 

FD 1281C I.'igure 111-20. Alorlificntionc Included in Second Chornber Modification 

Because the butene-1 regenerative cooling tests were primarily a feasibil- 
i ty demonstration, cooling jacket instrumentation consisted only of coolant 
inlet and outlet temperatures and pressures. This permitted a verification 
of total heat flux with calculations based on the uncooled test gas film 
coefficients. 
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SECTION IV 

TEST FACILITIES AND EQUIPMENT 

A. LIQUID PROPELLANT RESEARCH FACILITY 

All testing was conducted at Pratt 8e Whitney Aircraft's Liquid Pro- 
pellant Research Facility (figure IV-1). This test complex has the capability 
of flowing storable and cryogenic propellants at feed pressures up to 5500 
psi. The  facility is divided into four firing bays for 1000-, 5000-, 15,000-, 
and 50,000-lb thrust levels (figure IV-2). The  5000- and 15,000-lb thrust 
bays are connected to a continuous acting steam-driven ejector system for 
altitude simulation. This system uses two exhaust diffusers discharging 
into a common crossover duct. After leaving the crossover duct, the exhaust 
products are cooled in a tube-in-shell water-cooled heat exchanger and 
pumped through a two-stage steam ejector. Before venting, the combustion 
products are cooled further and the steam is condensed in a scrubber-con- 
denser that removes all but trace concentrations of hydrogen fluoride. 
Before being reused, discharge water from the scrubbei- is neutraiized 
with lime and passed into a settling pond. For the 5000-lb thrust chambers 
used in this program, the ejection system was capable of maintaining a 
pressure of approximately 0.2 psia (simulated altitude of approximately 
100,000 ft). 

7 Fluorine Bum Stacks 
Scmbber Vent -, 

7 Water Supply Tank 

Ejectors I\ \ //,at Exchangers $ '  
Lime Hopper 7 rcrossover Dud 

Figure I V - I .  Liquid  Propellant Research Fucilily FD 19750 

The Liquid Propellant Research Facility (LPRF) is used for all liquid 
fluorine and flox operations at  the Florida Research and Development 
Center. Liquid fluorine handling is accomplished remotely from the facility 
control room, which is located about 300 feet east of the test stands. All 
operations are carried out using remote-operated valves except for transfer 
from the delivery vehicles, which are equipped with manual valves. Liquid 
fluorine is stored in roadable Dewars similar to the delivery vessels, but 
equipped with remote-operated valves. The  facility itself is west of all 
other test facilities and takes advantage of ,the prevailing easterly winds 
to carry fluorine vapors or reaction products away from inhabited areas. 
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The closest inhabited area west of the stand is approximately ten miles 
distant. Fluorine operations are suspended when the wind directions or 
velocities are such that toxic vapors can be carried toward adjoining test 
facilities or industrial neighbors. 

Rigorous standards of materials selection, fabrication, cleaning, passiva- 
tion, and leak detcction are followed for fluorine test facility design and 
operations. hletals of proved compatibility and durability (such as nickel, 
aluminum, copper and series 300 stainless steels) are used. During system 
design, mechanical joints were eliminated and full penetration welds used 
wherever possible. Facility valves are of the top-entry solid body type, 
having copper braid rings and Teflon chevron stem packings. Test stand 
fluorine systems are cleaned upon initial installation and after modifications 
involving cutting and welding. Cleaning is accomplished by flushing the 
system with an acidic solvent followed by flushing with demineralized water 

and vaciiiiin d r y i ~ g .  After c!eaning, the svctem I - -  is passivated using gaseous 
fluorine at a pressure of approximately ZOO psig. Bolted subsystems, such 
as instrumentation transducers, are individually passivated before installa- 
tion. Prior to the first test of each series, the facility is passivated for 1 hour 
using gaseous fluorine at 15 psig. During this passivation a complete sniff 
check is made on all fluorine joints and valve stems. A detailed description 
of the fluorine procedures used by Pratt X: Whitney Aircraft is presented 
in Reference 15. More than 210,000 pounds of liquid fluorine have been 
consumed a t  the LPRF in over 400 thrust chamber firings and in numerous 
valve and pump seal tests. While there have been several incidents involv- 
ing fluorine leakage or reactions, no serious personnel injuries and only 
minimal facility damage have been encountered. 

B. PROPELLANT SUPPLY SYSTEM 

All rocket chamber test firings under Contract NAS3-6296 were con- 
ducted in the 5000-lb thrust B-27 stand firing bay; the propellant flow 
path is shown in figure IV-3. The liquefied hydrocarbon fuels were supplied 
from a 250-gallon liquid-nitrogen-jacketed tank. Fuel temperature settings 
between 140 and 180"R were obtained by controlling the nitrogen jacket 
pressure from 0 to 100 psig. Gaseous methane, purchased in high-pressure 
cylinders was liquefied by allowing the gas to enter the cooled tank where 
it was condensed. Propane and butene-1 were purchased as pressurized 
liquids and were tanked by pressurized transfer from the shipping cylinders. 
Both these fuels could be maintained either at  ambient temperature or 
precooled with liquid nitrogen. The fuel supply lines were all vacuum- 
jacketed up to the test chamber inlets. Four electrohydraulic servo-operated 
control valves were available for separate control of (1) the injector fuel 
flow, (2) chamber transpiration or regenerative coolant flow, (3) transpira- 
tion-cooled nozzle flow, and (4) coolant jacket exit pressure in the supple- 
mentary cooled tests. The liquid €lox was supplied during tests from a 
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500-gallon vacuum-jacketed roadable Dewar. Liquid nitrogen cooling coils 
within the Dewar minimize boiloff losses to a negligible amount. Flox 
was supplied to the test chamber through a liquid-nitrogen jacketed line 
and controlled by a single servo-operated control valve. 

Flox was mixed within the roadable Dewar by adding liquid oxygen 
and liquid fluorine while the Dewar weight was monitored within the 
control room. Flox concentration, calculated from the oxidizer weights, was 
verified by laboratory analyses of samples taken after mixing and after 
each test series. Accurate samples were obtained by trapping liquid flox 
in an evacuated space between two remotely operated valves. 

T h e  two valves and the sample chamber were liquid nitrogen jacketed 
to ensure that liquid was trapped. This prevented changes in flox concen- 
tration caused by fractional distillation. After the liquid flox was trapped, 
the sample system was isolated and the nitrogen flow was secured to allow 
complete evaporation of the liquid flox into an evacuated sample bottle. 
T h e  system was allowed to remain intact for a period sufficient to ensure 
that a homogeneous gas was contained throughout. 

T h e  sample bottle was then removed to the chemistry laboratory for 
mercury absorption analysis. This analysis is one of the oldest direct 
methods for the determination of fluorine concentration and utilizes the 
rapid absorption of fluorine gas by elemental mercury to reduce the pres- 
sure of a gaseous sample. T h e  quantity of fluorine absorbed is deter- 
mined by measurement of the pressure and volume of the sample before 
and after absorption. A highly successful system developed at the Florida 
Research and Development Center (figures IV-4 and IV-5) uses a fluorine 
pressure transducer to automatically record the pressure of the sample 
within a constant volume system. In operation, a portion of the vaporized 
flox sample was transferred into a small evacuated chamber and the initial 
pressure set at 1 0 0 ~ o .  A measured quantity of mercury was then allowed 
to flow into the reaction chamber. T h e  pressure immediately decayed as 
the fluorine was absorbed by the mercury. Because an inert interface of 
mercury fluoride forms over the mercury surface, complete absorption was 
obtained by stirring the mercury with a magnetic stirrer. When complete 
absorption was indicated, by a leveling of the pressure decay rate, the re- 
action flask was opened to an evacuated expansion coil having a volume 
equal to the volume of the mercury added; thus the system was returned 
to its original volume. The  pressure recorder then indicated directly the 
percentage of sample that was not absorbed. Duplicate analyses of samples 
in the range of 63-930/, fluorine have shown a repeatability of 0.2370 with 
this system. 

Consideration was given to using the flox storage Dewar equilibrium 
pressure and temperature to determine mole concentrations using the law 
of partial pressures. This method was abandoned because of the inherent 
inaccuracies that arise due to temperature variations throughout the Dewar 
and the unknown partial pressure of residual helium pressurant gas. 
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A third method of determining flox concentrations is now being de- 
veloped using a gas chromatograph. This system offers the potential advan- 
tage of allowing continuous sampling on the test stand and providing 
analysis for constituents other than fluorine. Figure IV-6 shows the Micro- 
Tek GC 2500R-I1 chromatograph now being used to develop this procedure. 
To date, no molecular sieve columns have been found that are sufficiently 
inert to fluorine. This system therefore uses two columns: one to separate 
fluorine from the sample and another to separate oxygen from the residuals. 
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Figure I V-6. Gas Chromatograph System 
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nitrogen, or heliuin. and  plottiiig the instrument responses to the various 
gases \.erstis their partial pressures. 

C. CONTROL SYSTEM 

Test firing events are controlled by a digital-sequencer, analog-com- 
puter, electrohydraulic valve com1)ination. T h e  digital sequencer can be 
prog-arned to operitte 40 relay channels in 1 -millisecond increments over 
a total duration of 2000 secwiids. These relays can be operated in series, 
parallel, cascade, and time-delayed sequences. In conjunction with the 
analog cmnpiiter, the seqiiencer (.an be programed to interrogate certain 
parameters a t  specific time intervals to provide a go/no-go indication for 
the test to proceed or ndvnnce automatically to a controlled shutdown. 

Figure IV-8 is ;I partial view of the LPRF control room and sho.rvs the 
(i4-ampIifier ;in;ilog computer th;i t  is used for automatic closed-loop control 
of the servo-operated (.ontrot v;ilves. T h e  computer can control 8 to 10 
functions depending o n  the nature of the controlling reference. Among the 
reference parameters that may  be selected are: ( I )  line pressure, (2) flow 
rate, ( 3 )  chamber pressure, (4) mixture ratio, and ( 5 )  valve position. Com- 
binations o f  the aI)ove modes can be biased to olltain control o f  several 
parameters siiTiiilt;iriC'o1isIy, e.g., varying propellant flow rates to obtain 
specific c1iaml)er pressiire while maint;iining ;I preset mixture ratio. 

MisLrllaneous Valve 
Position Switches 

Analog Control Cornputor 
LStand Flow Diagrams With Control 

Switches for Main Propellant Valves Control 0 - graph --!I 
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For the flox/light hydrocarbon tests both the fuel and oxidizer valves 
were opened in position control using controlled ramp durations with a 
25- to 50-millisec fuel lead. T h e  valves remained in the specified position 
until liquid propellant flow was attained at the injector, and chamber 
pressure was near the nominal value. Use of the position reference elim- 
inated valve upsets during the transitory period when gaseous or two-phase 
flow was present. At approximately 1.0 sec the fuel and oxidizer control 
references were sequenced to control propellant flow rate with approxi- 
mately a 0.10-sec lead of the fuel switch to minimize transient mixture 
ratio spikes. Two sequenced go/no-go checks were made to ensure that 
ignition was obtained before a large quantity of propellants had been 
injected. A weighted wire in front of the exhaust was electrically sampled 
to determine that it had burned through and released the weight before 1.2 
seconds had elapsed. A continuous sample of chamber pressure was made 
to determine that chamber pressure did not drop below 50 psia after 1.0 
sec. Shutdown was conducted using 0.5-sec flow rampdowns having a slight 
fuei lag. Exact timing and initial vaive positioiis wcie determined in liquid 
nitrogen cold flows. Valve sequencing for the altitude tests was identical 
to the sea level tests with the addition of a sequenced go/no-go check of 
maximum diffuser pressure immediately before initiation of the start 
sequence. 

In  the supplementary cooled tests, the coolant control valve was 
opened with a position ramp approximately 6 seconds before the oxidizer 
valve started to open. After the jacket was filled and flow stabilized, the 
reference was switched to flow rate control (approximately 3 seconds after 
opening). T h e  coolant dump valve was set at a preset position before the 
coolant valve opened. After the coolant flow rate was stabilized the dump 
valve control was switched to maintain a preset cooling jacket exit pressure. 
Coolant shutdown was initiated (after the chamber pressure had decreased 
to the diffuser pressure) with a flow rampdown of the inlet valve and a 
return to the initial position of the dump valve. 

Control of the transpiration coolant was accomplished in approxi- 
mately the same manner; the coolant valve opened in position control with 
a sufficient lead time to fill the coolant cavity and stabilize flow before 
the injector sequence was initiated. Shutdown was made with a flow ramp 
having a slight lag on the injector shutdown sequence. 

D. INSTRUMENTATION AND DATA ACQUISITION 

T h e  LRPF data system has capacity for approximately 135 measure- 
ment channels. T h e  system provides capability for measurement of pressure, 
temperature, thrust and flow rate. Excellent recording accuracy and 
response are available through a %channel low-level-input analog-to-digital 
converter that feeds a magnetic tape system. T h e  data recording equip- 
ment is shown in figure IV-9. Also provided are 96 oscillograph channels 
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and 10 direct-inking strip chart channels. Isolation amplifiers are available 
to permit redundant analog recording of 18 channels of digital tape. A 
separate system, consisting of a high-speed 14-track tape recorder, ampli- 
fiers, and transducers, provides high-frequency data capability to 20,000 
cps. Six closed-circuit television channels provide continuous test ob- 
serva tion. 

I 

Micnmadic Data System % 
I 

L 

T o  assure the validity of test data, redundant instrumentation and 
accurate calibration procedures traceable to the National Bureau of Stand- 
ards (NBS) are used. I t  is normal to achieve total data measurement 
accuracies (three standard deviations) of t O.5y0 for pressures, t 0.5% 
for thrust, and 0.1% for turbine mass flow measurements with the digital 
recording system. 

T h e  Instrumentation Engineering Section maintains a complete com- 
puterized record ot evaluations, calibrations and maintenance history relat- 
ing to all sensing and/or recording instrumentation. When instrument 
calibrations are performed, the information is trans€erred to a magnetic 
tape for computer processing. T h e  computer then scans the new informa- 
tion, combines it with past history and provides a tabulated statistical 
iinalysis for cac h o f  the instruments. Studies are continually being made 
t o  determine instrument (xlihration intervals, trends, deterioration, and 
n 1 a i 11 t en a 11 ce a tl eq 11 ac y . 

Statistical analyses have established current primary calibration in- 
tervals of 4 months for pressure transducers and hridge completion networks, 
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6 months for temperature probes and turbine-type flowmeters, and 12 
months for thrust load cells. In addition, instrumentation secondary cali- 
brations are performed before and after the testing of each engine. 

Pressures are sensed with standard 4-arm bridge strain gage pressure 
transducers. These transducers are calibrated by comparing them to work- 
ing standards maintained in the Instrumentation Laboratory. These 
working standards are in turn compared with a primary standard that has 
been calibrated by the NBS. 

Temperature measurements are made with standard resistance ther- 
mometers and chromel-alumel or copper-constantan thermocouples. In  use, 
the resistance thermometers form the active arm of a bridge completion 
network (BCN). T h e  resistance thermometers are acceptance-calibrated at 
known temperatures, and the BCN’s are checked for system resistance by 
comparing them with resistances directly traceable to the NBS. Thermo- 
couple temperature measurement accuracy is maintained by acceptance 
testing of the thermocouple materials and accurate calibration of voltmeters 
and reference ovens used. T h e  thermocouple material is acceptance tested 
by testing samples of the wire at known temperatures derived in the same 
manner as those temperatures used for the resistance thermometer acceptance 
test. 

Liquid propellant flow rates were measured by orifices and nozzles. 
These flow-measuring devices are calibrated on special calibration stands 
by flowing the devices with cryogenic liquids at accurately known tempera- 
tures and flow rates. All flow devices are recalibrated at periodic intervals. 

Thrust measurements are made with 4-arm bridge strain gage load cells 
that are calibrated in the same manner as pressure transducers. Thrust 
mount systems, including load transducers, are calibrated weekly or after 
any changes made in the test rig or stand plumbing. Primary calibration 
is accomplished with dead weights, the accuracy of which is directly traceable 
to the NBS through a system of secondary and primary standards. 

The  instrumentation locations used in this test program are shown 
in the schematic flow diagram (figure IV-3). As shown on this diagram, 
redundant measurements were made for all critical performance parameters 
(e.g., flow rates, chamber pressure, diffuser pressure, and thrust). All 
instrumentation was recorded by the digital system. Redundant oscillo- 
graph recordings of the critical performance parameters were made to 
guarantee that data would be available in the event of a digital system 
failure. Additional readout of the critical starting temperatures and pres- 
sures was available on the control room strip charts. Table IV-1 presents 
the maximum estimated performance data errors for a typical uncooled 
simulated altitude test. Appendix A contains a complete statistical accuracy 
estimate for all recorded and calculated performance parameters during 
simulated altitude tests. 
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TABLE IV-1. ESTIMATED PERFORMANCE DATA ACCURACY * 

Parameter Es t imated  E r r o r ,  % 
1f7 2 6  

(68% Confidence)  (95% Confidence) 

C h a r a c t e r i s t i c  V e l o c i t y  k 0.443 f 0.887 

Vacuum S p e c i f i c  Impulse f 0 . 6 4 3  f 1.287 

Vacuum T h r u s t  C o e f f i c i e n t  -I: 0.523 f 1.047 

*Maximum s t a t i s t i c a l  e r r o r  estimtes f o r  a s imula t ed  a l t i t u d e  
tes t  u s i n g  a n  uncooled chamber w i t h  flox-methane a t  a mix tu re  
r a t i o  o f  5 .7 .  
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SECTION V 

UNCOOLED SEA LEVEL PERFORMANCE 

A. TEST DESCRIPTION 

A total of 84 uncooled sea level tests were conc 

TESTS - TASK II 

ucted: 39 with methane 
and 82.6% flox, 19 with propane and 76.0y0 flox, and 26 with butene-1 and 
70.4% flox. Test objectives were to determine the effects of injector design 
on combustion efficiency and to provide heat transfer data for analysis of 
chamber cooling requirements. The performance objective for these tests 
was achievement of characteristic velocity efficiency of 95% of theoretical 
shifting at the optimum mixture ratio for each fuel. The tests were con- 
ducted using liquid-liquid impingement-type injectors and uncooled copper 
thrust chambers. Construction details for the chambers and injectors are 
given in Section 111. Figure V-1 shows a typical installation of the engine 
in the test stand. A discussion of test operating procedures and control modes 
is given in Section IV. Nominal test conditions were 100-psia chamber 
pressure and 5000-lb vacuum thrust based on an expansion area ratio of 40. 

mately 3000-lb thrust a t  sea level. T h e  €lox was injected as a liquid at 
approximately 160" R. The  fuels were normally injected as subcooled 
liquids at 180 to 300"R, but several tests were made with liquid butene-1 
at higher temperatures (440-540"R) to determine the effect of fuel volatility 
on combustion stability and to simulate injector performance with regenera- 
tive cooling. Table V-1 presents a summary of the Task I1 - Uncooled Sea 
Level Tests. Thirteen modifications of four injectors were tested using 
varying combinations of propellant injection momentum ratio, faceplate 
porosity, and element configuration. Table V-2 is a summary of the injector 
configurations tested. 

T*r:.L v v  ILII  the nozzle expansion ratio o r  1.98, i i ~ e  ciiam'uei p iuducd  dppimi- 

-p '" " '  

t 
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TABLE V-1. SUMMARY OF UNCOOLED SEA LEVEL TESTS 

Percent F2 Tert 
i n  Flox  Diiratlon, 

l e C  

Serier Nu. Tesl No. Fuel 

I 1 Propme 
2 Prvpanc 
3 Prvpanr 
4 ProVsne 

1 6 . 0  2.0 
100.0 l U 5 h  

Y7.J 2945 

9 l . b  2706 

94.4 2802 
9 5 . 1  2875. 
~ 5 . 5  ZRBI 

G.0 7 9 7 8 -  

94.5 2 8 3 3  

~~ ~- 

l b 5  2 6 0  BO 134 S ( L )  
164 300 8A 112 S ( I )  
lb3 280 78 103 S ( I )  

167 203 9J 197 S ( l )  
IbO 201 94 198 S ( 1 )  
165 187 'I3 192 S ( 1 )  

168 1H4 66 131 R ( 1 l  

1 5 5  216 81 78 S ( I )  
~ _ ~ ~ ~~~ 

~~ ~~ 

10.b 3 . 1 2  
1 1 . 0  2.83  
11 .0  2.68 
1 1 . 4  2 . 3 2  

1 1 . 2  I.cO 
1 1 . 3  1.92 
11.3 I . Y 4  

~~~~ 

9" 
120 

76.0 
76.0 
7 6 . U  
7 6 . 0  
76.0 

4 . 0  9 6 . 0  2865 11.1 2.56 l b 6  233  5 2  104 

4 . 0  100.5 3082 10.9 3.08 LbB 2 6 5  50 I62 

4 .0  93.'. 2164 1 1 . 2  2.31 167 2 9 3  67 81 

4.0  9 7 . 2  2957 11.1 2.1.6 I 6 5  215 h1 109 
4 . 0  91." 2 1 2 8  11.1 2.16 16Y 2 2 2  62 74 

1 . 1  i n . 8  I I I O  10 .7  1.88 165 153 17 216 

6.0 96.6 Z Y I R  1 0 . 8  2 . 7 5  168 283 s4 123 

~ ~ ~_ _ ~ ~ 

8Z.b 
82.6 
82.b 

8 l . b -  
8 2 . 6  
82.6 

16.0 
76.0 
76.0 

7 6 . U  
7b 0 
7b.O 

~ __ 

~- 
1.>0 
1 . 2 3  
1 .04  

2 . 4 3  
2 . 2 5  

3 . 7 8  

2.G 

___ 

3.08 

I 7 0  
167 
164 

1 7 5  
- 

2 3 5  
2 1 5  
24 I 

229 
2 4 2  
266 

2"LI 
- 

~ 

hL 
52 
sn 
5 1  

4 . 0  7 5 . 5  21'6 11 .0  
6.0 79.9 2315  11.0 

6 . U  93.5 2866 10.6 

6 . 0  7 2 . 7  2058 11.1  

1.0 w.8 2 7 8 8  10.5 
1.0 8 7 . 9  258'. 10.1 

4 . 0  95.5 Z Y O H  9 . ~ 4  

- ~_ 

-~ 

1.0 Yb.6 2916 11.0 
1.5 2 1 . Y  295 10.9 

171 
I 1 7  

171 
l b 5  
167 

- 
5 8  
58 

~_ 
53 
58 

12'1 

213 
96 

93 
65 2 2 2  

299 

37 B,i,C,>,.l 7 0 . 5  4 . 0  101. i  326" 1 3 . 0  2 . 8 3  181 2b5 89 159 S ( 1 - C )  7 0  

1 . 0  19.6 2 7 0 2  LL.1 ( . H I  1 7 1 1  >111 76 5 9  R l 2 - A I  

LO 
5 5  
5 5  

4 .0  
1.0 
4 . 0  
i . 0  
' r .0 

I 0 0  
50 
45 
50 

2 . 1 4  163 
1 . 3 4  1 6 5  
2 . 5 5  Ihh  
2 . 9 0  I , / ' >  
I ,  J l  I b'. 

50 
lli 
6" 

15 
4 0  
50 
4 5  
40 
so 

~ 

6 . 0  
4 . 0  _ _ _ ~  ~~~ 

2 . 0  8 1 . 1  2 2 8 2  
4.0 71.2 2136 
6.0 92.3 2114 
' r .0 96.9 2900 
4 . 0  91.1 2677 
3.1 93.5 2765 
1.0 98.0 2931 

-~ 
10.9 2 . I J  
1".8 2 . 1 5  
10.6 I . 8 3  
10.6 1 . 3 2  
10.6 2.91 
L O . &  3.13  
10 .5  3.66 

16V 
I h l  
l b 5  
I61 

45 
65 
5 5  
65 
65 
45  

7 5  
~ 

1.0 99.6 2 9 1 6  
2 . 0  12.7 1972 
4 . 0  94.4 2829 
2.0  54.8 1295 
2 . 0  53.0 I 2 5 2  -~ 

10 .2  L . U 4  
11.1 2.95 
10.2 3.39 
10.5 1.03 

- - - - ( I )  2.68 
11.0 1 . 5 4  
11.0 2 .42  

11.1 2.56 

IO.', 2.69 
I 0 . b  2.Y6 
10.4 3.13 

11.3 2 . 7 0  
10.9 3 . 4 3  

10.5 3.08  .____ 

10.9 3 . 1 8  

- _ ~. 

~~~ 

_ 

2.0 99.5 2915 
2 . 0  3 0 . 1  5 2 7  
1.0 94.4 2 8 5 0  

6.0 86.b 2779 
4.0 9 2 . 5  3054 

J I 5  
2 7 0  

75 
h 5  

120- 
90 

I 3 5  

170 

17.' 

162 
I 7 8  

~~ 

I 2 5  
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Test series 1 and 2 were conducted using the solid face quadruplet 
injector, S(1), with propane and methane. Performance in both of these 
series was lower than expected. Attempts to correlate combustion efficiency 
with the JPL mixing parameters (Reference 10) were unsatisfactory; how- 
ever, correlation of propellant injection conditions indicated that efficiency 
improved with increased fuel-to-oxidizer velocity and momentum ratios. 
High methane injection differential pressures were encountered. These 
were attributed to methane boiling within the fuel manifold, as had been 
predicted from the design studies (Section 111). When high methane 
differential pressures were experienced in series 3 with injector R( l) ,  
which had a high-porosity Rigimesh faceplate, it was determined that 
frozen C O ,  impurities in the methane were causing blocking. All methane 
used in later tests was scrubbed to reduce the CO, content to less than 
0.1%. This eliminated the excessive differential pressure in tests with 
Rigimesh face injectors; however, test series 6 with injector S( 1-B) con- 
firmed that methane boiling did occur in the solid face injectors. 

After these initial tests, injectors S(l) and R( l )  were modified by en- 
larging the oxidizer orifices to decrease the oxidizer injection velocity and 
thereby increase fuel-to-oxidizer momentum ratio. T o  improve fuel distri- 
bution and produce higher fuel velocities, the 120-scfm Rigimesh faceplate 
of injector R(l)  was replaced with a 30-scfm plate. Later tests, series 10 
through 12, showed that as testing progressed the porosity of the 30-scfm 
Rigimesh faceplate decreased due to high temperature effects. A comparison 
of water calibrations performed before series 10 and after series 11 showed 
that the Rigimesh flow area had decreased 85% during these tests. This 
reduction resulted in methane boiling within the injector during series 12. 
T h e  use of 60-scfm Rigimesh faceplates in later injectors provided satis- 
factory cooling and negligible performance loss due to poor methane dis- 
tribution. In  test series 13 a self-impinging doublet injector was fabricated 
by installing a new faceplate on injector R(2). T h e  doublet injector R(2-A) 
was tested to determine if improved performance could be obtained by 
vaporizing the propellants before mixing. At equal momentum ratios, 
performance with this injector was not improved over the unlike-impinging 
designs. Because element spacing is critical in self-impinging injectors, 
performance improvements might have been attained by additional experi- 
men tat ion. 

Other than freezing the CO., and determining the correct Rigimesh 
porosity, the only other problem experienced in the methane tests was 
obtaining satisfactory supply line temperatures. To obtain line tempera- 
tures below 200"R while staying above methane's 163"R freezing point, i t  
was necessary to precool the vacuum-jacketed supply line with liquid nitro- 
gen (140"R) and then warm the line with a gaseous nitrogen purge. Several 
tests were aborted when gaseous nitrogen trapped in the line reduced the 
fuel flow and, therefore, chamber pressure. This problem was eliminated 
by revising the pretest line filling procedures. 
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Test series 4 indicated that the higher momentum ratios of injector 
S( 1-A) provided increased performance with propane, but combustion effi- 
ciency was still below 95% at the theoretical optimum mixture ratio. Single 
element water flow investigations had indicated that when swirlers were 
used in opposing orifices the resulting spray fan was in a plane passing 
through the centers o f  the two holes. This is in comparison to the perpen- 
dicular fan usually produced. When swirlers were used in the oxidizer 
orifices of n quadruplet element, the resulting fuel and oxidizer fans were 
parallel. It was believed that parallel fans would produce a better mixture 
ratio distribution, and stvirlers were added to the oxidizer orifices of this 
injector (see Section 111). The  quadruplet injector with swirlers, S(1-B), 
was tested with propane in series 7. T h e  swirlers did not produce any 
performance improvement when compared at equal momentum ratios and 
they were removed for subsequent tests. 

Propane tests with the triplet element Rigimesh injector R(2), series 8, 
substantiated the correlation of combustion efficiency and momentum 
ratio previously obtained; however, mild high frequency instability was 
encountered. Because data obtained in other test programs indicated that 
quadruplet elements were inherently more stable than triplet elements 
(Reference 1 S), the next Rigimesh injector modification was designed 
with a combination of triplet and quadruplet elements. Injector R(1-A) 
included 121 triplet and 120 quadruplet elements. This was the largest 
number of quadruplet elements tha t  could be included due to the design 
of the injector body. Because of a change in emphasis from propane to 
butene-1, the triplet-quadruplet injector was never tested with propane. 
No stability problems were encountered with methane in any tests, hence 
the effect of this element change on stability could not be evaluated. 

T h e  first series of butene-1 tests, series 9, was made with injector S(1-C) 
and experienced severe high-frequency instability. All tests in series 15, 
using butene-1 in the Rigimesh face injector, R(1-C), were stable, but 
performance was low due to excessive flow of butene-1 through the faceplate. 
T h e  high flow through the Rigimesh occurred because butene-1 transpires 
as a liquid or dense gas as compared to more volatile methane, which 
vaporizes within the Rigimesh and thus reduces the flow rate. A second 
solid face injector, S(2), was fabricated for butene-1 testing. This injector 
used a pentad element configuration to provide high momentum ratios 
while maintaining approximately equal fuel and oxidizer orifice diameters. 
In five butene-1 tests with this injector, high-frequency instability was 
encountered in all but one test. Examination of these data and data from 
other butene-1 tests produced one similarity. All tests with fuel velocities 
less than 125 ft/sec were stable, whereas all tests with fuel velocities above 
140 ft/sec were unstable. The  fuel and oxidizer orifices of pentad injector 
S(2) were enlarged to reduce fuel velocity to below 125 ft/sec while main- 
taining momentum ratios approximately equal to the initial configuration. 
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All firings during test series 17 with the modified pentad injector were 
highly unstable. Performance from both series of tests provided the same 
correlation with momentum ratio, indicating that the 0.025-inch diameter 
fuel holes used in the modified pentad injector were still below the value 
where fuel vaporization controls the reaction. A third injector was fabricated 
for use with liquid butene-1 by replacing the Rigimesh faceplate of injector 
R(2-A) with a solid nickel plate. This injector, R(2-B), had fuel velocities 
similar to injector S(2-A) and was drilled in a triplet pattern. Both tests 
made with this injector (series 18) experienced high-frequency instability, 
which resulted in some faceplate erosion. 

B. TEST PERFORMANCE 

Table V-3 presents calculated performance data and table V-4 contains 
data relative to correlation of injector performance for the uncooled sea 
level tests. Performance calculations were made using methods described 
in Appendix A. In some tests, combustion instability was present and a 
deviation in characteristic velocity efficiency based on chamber pressure, 

and characteristic velocity efficiency based on thrust, q ~ " ~ , ~ ~ , ~ ,  , 
of 5 to 7y0 was calculated. In stable tests, the difference in qcwpc,,,,~ and 
q ~ " ~ ( ~ . , , ~ ,  was usually less than 2Y0. Because of the relatively slow response 
of the transducers and load cells used for steady-state data measurements, 
a11 data obtained in unstable tests are of questionable validity; but  in these 
cases performance data based on thrust measurements are usually more 
indicative than those based on chamber pressure. 

Figures V-2, V-3, and V-4 show theoretical characteristic exhaust 
velocities, corrected characteristic. exhaust velocities, and characteristic 
exhaust velocity efficiencies for methane, propane, and butane-1 with their 
respective optimum flox mixtures. For the stable tests, these data are based 
on chamber pressure measurements corrected for momentum and heat 
losses, c " ~ ~ ( ~ ~ ~ ) .  For the unstable tests, the data are based on thrust measure- 
ments corrected for the same losses, c * ~ ( ~ , , ~ , .  With methane and butene-1, 
characteristic velocities up  to 9570 of the maximum theoretical value were 
measured. For both of these fuels the peak experimental values occurred 
at  mixture ratios below the theoretical optimum. T h e  peak values could 
probably be moved closer to the theoretical optimum mixture ratio with 
additional injector development aimed at improving mixing within and 
between elements. Tests at two different Lx's with flox/methane in injector 
R(1-A) indicated no appreciable increase in qc* from doubling L" above 
the initial value of 27. This is taken to be an indication that the performance 
is limited by reaction product mixing rather than propellant vaporization. 
Performance attained with propane is not as high as that of the other fuels 
because testing with propane was discontinued before the high-momentum- 
ratio injectors were fabricated. 
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TABLE V-3. CALCULATED PERFORMANCE DATA - UNCOOLED 
SEA LEVEL TESTS 

1 1 Propane 3 . 1 3  1 4 . 0  6613 244 1.181 6469  6177 550 0.969 0 .926  0 .950  0.935 211 0.887 0 .928  1 .078  0.922 0 .984  0.7 
2 propane 3 .39  13.7 6653 243 1 .168  6591 6372 479  0.992 0.958 0.973 0 .968  223 0 . 9 2 0  0.962 1.089 0.932 0 .996  2 .1  
3 Propane 3 .88  1 3 . 8  6747 245 1.162 6367 6124 437 0.944 0 .908  0.927 0.911 213 0.872 0.912 1 . 0 7 8  0 .928  0 .988  0 . 6  
4 Propane 4 . 0 9  1 3 . 7  6784 244 1 . 1 5 3  6244 5999  447 0.921 0 .884  0.903 0 .894  207 0 .851  0.891 1.069 0 ,927  0.989 0 . 7  
5 Propane 4 . 9 2  1 3 . 7  6764 239 1.142 6002 5749 $64 0.887 0 .850  0.877 0 .859  197 0 .822  0.862 1 .055  0.924 0 , 9 8 0  1 . 9  

7  blrthane 5 .87  1 3 . 2  6956 250 1 . 1 5 5  6515 6287 772 0.935 0.903 0 .914  0.912 218 0 .870  0.912 1 .075  0.931 0.998 1 . 4  
8 Methane 5.67 13.3 6985 251 1 . 1 5 7  6503  6270  750 0.931 0,898 0 , 9 0 9  0.907 217 0 , 8 6 6  0 .907  1 .016  0.930 0.998 2 . 3  

I 1  Methane 5 .98  13.1 6946 247 1 . 1 4 1  6281 5986 765 0.904 0.862 0 ,882  0 .871  205 0 .831  0.871 1 .049  0 .919  0 .988  1 . 7  
12 Mrrhane 7 .57  12 .3  6737 223 1 .062  5359 5000 7 5 0  0.795 0.742 0 ,775  0.753 159 0 .710  0 .747  0.953 0.897 0 .971  0.2 

16 Propane 3.55 11.0 6675 245 1 . 1 6 9  6486 6283  550 0.972 0 .941  0.956 0.951 221 0.901 0 .943  1 .094  0.935 0 , 9 9 5  2 . 0  
17 Propane 3.95 13 .6  6762 245 1 . 1 6 0  6420 6180  400  0.949 0 .914  0 ,936  0.923 215 0 .819  0 .919  1 .077  0.929 0 .986  3 . 0  
18 Propane 4 .87  1 3 . 5  6179 241 1 .149  6224 5931 400  0.918 0 .815  0 .904  0 .884  204 0 .846  0.886 1.056 0 .919  0 .977  1 . 5  

2 6 Metliane 6 .26  13.0 6906 248 1 . 1 5 3  6545 6229 826  0.948 0.902 0,922 0 .912  215 0 . 8 6 9  0.911-  1 .058 0.918 0 .989  0.5 

3 9 Mechane 4 . 2 2  14 .0  6818 249 1 . 1 7 0  6413  6089  750  0.941 0.893 0.917 0 .903  214 0.858 0.901 1.072 u.916 0 , 9 8 5  0 . 5  

4 14 Propane 4 .34  13.7 6823 246 1 . 1 5 9  6350 6048 550  0.931 0 .886  0.913 0.900 210 0 , 8 5 5  0 .895  1 .065  0 . 9 1 9  0.981 1 . 9  
_ _ ~  

2 3  Methane 8 .98  1 2 . 2  6203 212 1 .099  5894 5756  1000 0.950 0.928 0.939 0.946 189 0 .894  0 .946  1 .032  0 .975  1.026 2 . 9  
24 Elethane 10 .7  1 2 . 1  5744 I 9 0  1 .063  5400 5339 1000 0.941 0.929 0.939 0 .951  169  0 .894  0.951 1.010 0 .950  1.013 0.9 

26 Propane 4.33 1 2 . 9  6828 244 1 . 1 4 8  6455 6246 500 0.945 0 , 9 1 5  0.935 0.924 215 0.882 0 .923  1.072 0 .933  0 .988  0 . 4  
21 Propane 4 .75  1 3 . 0  6796 238 1.130 6121 5895 500  0.901 0 .867  0.890 0 . 8 7 1  200 0.838 0 .879  1 .049  0 . 9 2 8  0 .985  0 . 5  

8 28 Propane 2 .63  1 3 . 7  6461 232 1 .155  6287 6121 350 0 .973  0 ,948  0 , 9 5 3  0.957 212 0.914 0.957 1.085 0 .940  1.004 1 .9  
0.863 0 .902  1.083 0.935 0 .994  0 .9  
0.834 0 , 8 7 6  1 .055  0 ,921  0.981 1 .0  
0.808 0.850 1 .049  0.923 0.981 0 . 9  
0 .898  0.945 1 .059  0.952 0.992 0.7 

0.865 0.909 1.078 0.941 1.001 0 . 5  

0.868 0.913 1 .151  0 ,990  1.056 7 6 
0.852 0 .900  1 .149  0.979 1 .040  2 . 0  

0.797 0 ,835  0 , 9 9 3  0.934 1.001 1 . 3  
0.837 0 , 8 7 7  1 .065  0 . 9 2 3  0 , 9 8 3  0 . 9  
0 , 8 5 5  0 , 8 9 6  1.068 0.922 0 , 9 8 4  1 . 3  
0 .900  0.942 1 .086  0.930 0 .989  2 .2  

7 25 Propane 3.14 13.4 6704 241 1 .149  6254 6125 500 0 . 9 3 3  0 .914  0.918 0 .923  211 0 .874  0 .916  1 .086  0.945 1 .005  0 . 9  

0.833 0 .875  1 .067  0.936 0.998 1.1 

11 4 3  Methane 6.18 13.4 6914 248 1.152 6350  6102 750 0.918 0 ,883  0 ,903  0.893 211  0 .851  0.893 1 .068  0 .927  0 .989  0.8 
44 Mcrhane 5.70 13.3 6990 254 1 .166  6695 6501 750 0.958 0 .930  0.947 0 .940  221 0.897 0 .940  1 .093  0.937 0.992 0 .4  
45  Methane 5.10 13 .3  6956 250 1 . 1 5 8  6486 6303  750 0 .932  0.906 0 , 9 2 5  0.911 219 0 .874  0 .916  1 .086  0 .938  0.991 0.7 
46 Methane 4.89 12.8 6935 249 1 . 1 5 5  6687 6b95 150 0 . 9 6 4  0.937 0 ,955  0 .941  225 0.904 0 .948  1 .082  0.937 0 .992  1.6 

.~ 
12 47 blerhane 10 .9  12 .9  5790 188 1 , 0 4 7  4914 4685 650 0.849 0.809 0 , 8 3 8  0 .824  147 0 .778  0.824 0 .960  0 .916  0 . 9 8 3  0 .8  

48 Methane 6 .64  1 3 . 5  6814 237 1 .117  5681 1 3 8 0  600 0 .835  0 . 7 8 9  0 , 8 2 0  0 .799  180 0 .760  0 .199  1 .019  0 .912  0 .915  1 . 2  
49 Methane 8 .72  1 4 . 3  6275 217 1 . 1 1 6  5315 5019 600 0.847 0,800 0.835 0,810 168  0.772 0.813 1.015 0.910 0 .970  2 .2  

13 50 Elethane 6.20 13.0 6905 235 1 , 0 9 4  5514 5160  575 0 . 7 9 9  0.747 0 , 7 8 4  0.757 169  0 .719  0.751 0 .986  0 .901  0 . 9 6 6  1 . 6  
5 1  Xethane 5 .70  13.0 6971 238 1 7 5570 5083  575 0.799 0 .129  0 , 7 8 3  0.738 167 0.702 0 ,738 0 ,964  0.880 0.944 2 . 0  
52 blelhane 5 . 0 3  1 2 . 9  6945 241 1 8 5913  5536 575 0 , 8 5 1  0 ,797  0.837 0 ,806  185 0.768 0 .806  1.008 0.902 0 . 9 6 3  0 . 9  
53  >>ethane 4 .17  1 3 . 1  6333 242 I 1 6200 5835 575 0 .907  0 ,854  0 .893  0.862 200 0.821 0.867 1.036 0.908 0 .966  1 . 4  
54 Xethane 3.89  13 .2  6185 242 1 8 6282 5935 575 0 . 9 2 6 0 . 8 7 5  0 .913  0 ,883 204 0.844 0.888 1 . 0 4 6 0 . 9 1 1  0.967 0.6 
5 5  Elechane 3 .56  1 3 . 2  6735 240 I 6 6286 5916 575 0 , 9 3 3  0 , 8 7 8  0.919 0.886 203  0.847 0 .887  1 .040  0.908 0.964 2.7 

14 56 blrlhane 6 .40  1 3 . 6  6873 246 1.151 6246 6027 700 0 , 9 0 9  0.877 0.894 0.887 208 0.846 0 .887  1 .072  0.931 0 .993  0 .6  

__ 

57 Nefhane 6 .01  13.8 6942 249 1 .155  6265 6100 700 0.902 0 .879  0.886 0.888 211 0.848 0.888 1 . 0 8 5  0.939 1.003 2.4 
5 8  Plefhane 5.45 13.8 6982 254 1 .172  6563 6353 100 0 .940  0 .910  0.927 0.920 223  0 .878  0.919 1 . 0 9 5  0.935 0 .993  0 . 8  
59 Xethane 4 .52  1 5 . 0  6895 252 1 . 1 7 5  6521 6306 700 0 .947  0.915 0.933 0.923 222 0.884 0 .926  1.096 0 . 9 3 3  0 .990  0 . 9  

- 
18 83 B u t e n e - 1  + . 2 0  1 4 . 0  6664 230 1.108 5315 5633 828 0 .797  0 ,845  0.787 0 . 8 5 9  187 0.812 0.855 1.131 1 .021  1.091 2 . 7  

84 Butene-1  3.17 1 4 . 3  6589 235 1.146 5800 6023 1082 0.880 0.914 0.869 0.927 207 0.880 0.924 1 . 1 4 8  1.001 1 .067  2.7 

( I ) A t  u s e d ,  1 5  the a i o u n t  o f  t l x e  over which the  p e r f o r w n c e  f i p u r e r  are  averaged. 

Figure V-5 shows the correlation of combustion efficiency and fuel- 
to-oxidizer momentum ratio. This figure contains data from all sea level 
and simulated altitude tests that had injector pressure drops approximately 
equal to the values expected from the water flow calibrations, i.e., no fuel 
boiling within the injector. The  solid points on this figure indicate data 
taken with the final injector configuration tested with each fuel, Le., 
injector R(  1-C) with methane, injector S( 1-A) with propane, and injectors 
S ( 2 )  and S(2-A) with butene-I. This grouping shows slightly less data 
scatter because the variations caused by differing Rigimesh porosities are 
eliminated. The  data for butene-1 with injector R(l-C) are lower than the 
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other data due to excessive fuel flow through the porous faceplate. Other 
methods of correlating efficiency, such as velocity ratio or mixing parameters, 
did not produce satisfactory results. The  importance of high momentum 
ratio is attributed to the criticality of mixing on performance with the flox/ 
light hydrocarbon combinations. At equal momentum ratios, no difference 
in performance was noted for the three unlike impinging elements tested. 

TABLE V-4. INJECTOR PERFORMANCE COMPARISON - 
UNCOOLED SEA LEVEL TESTS 

( I )  v ( I )  G v ( I )  GOVO, ( I )  v f I v o ( l )  G f v t l G ~ v o ( l )  1 *: f  f '  P < ( C O , )  
S c r l r r  Nu. Turf Nu. Furl I n ~ e ~ t o ' r  4 f .  A U ,  A M i ,  ACd", 

-~ ~ .I..=c 
l h l s e c  l b l n e ~  in? f t l s e c  f t l s r c  I b - f r / s e c 2  I b - f r / s e c 2  

~ 
. -  ~- - ~~ ..-..-_= ~ - ~ 

I pane S ( 1 )  3.0Y 10.9  0 . 0 5 b  0 . 1 9 9  190 92 .8  588 978 2.05 0.602 0.950 3 .53  
0 . 9 1 3  3.39 952 2 .11  0 .625  

8 9 . 8  595 0.921 3.88 
p a w  S ( 1 )  3.12 10.6 0 .056  0 .199  190 
pane S ( 1 )  2.81 11.0 0.056 0 .199  119 92 .9  501 I022 1 .93  0.495 

0.903 4 . 0 9  pans S ( 1 )  2 . 6 8  11.0 0.056 0.199 I 6 6  92.5 445  1018 1 . 8 0  0.437 
pane S ( 1 )  2.32  11 .4  0 . 0 5 6 ~ 0 . 1 Y Y  1 4 3  94.0 332 1.52 0 .877  4 . 9 2  

0 .914  5.87 1 M e t h a w  S ( 1 )  1.92  1 1 . 3  0 .056  0.199 188 92.3 362 1042 2.04 0.341 
0 .909  5.67 8 ~ Mctlianc -~>(!) 1.9Y 1 1 . 3 ~ ~  - 0 2 6  0.199 189 YJ.3 316 1055  2.02 0.355 

I062 0 .76  0.179 0.917 4 . 2 2  
2 . 6 8  11.3 0.200 0 .199  7 0 . 9  94.0  190 0.882 5 .98  1.88 11.2 0.200 0.199 51 .0  92.4  96 1035 0 .55  0 .093  

0 .175  7 . 5 7  1.44 10 .9  0.200 0.199 38 .2  90.3 5 6 . 5  983 0 . 4 2  0.058 

~ - '0'- '- ~ ~ -~ ~ 0 . 3 1 0  ~ ~ ~ ~ _ _ _  
2 liane S ( I )  1.80 11.2 0 .056  0 .199  111 93.0 318 1042 1.90 0 .305  0 . 9 2 2  6.26  

- ~- -~ - -~ - __ 

--__~____ -~ -~ - ~ . __ ______ - 
4 I 4  Propane S ( 1 - A )  2.56 1 1 . 1  0.OSb 0,246 153 76.1 392 844 2 .01  0.463 0 .913  4 .34  

0 .956  3 .55  
0 .936  3 .95  
0.904 4 .87  

16 Propdnc S ( I - A )  3 . 0 8  10.9  0.056 0 , 2 4 6  189 15.2 582 820 2 .52  0.110 
17 Prupane S ( 1 - A )  2 . 1 5  10.8 0.056 0 .246  171 14 .9  470  809 2.29 0.581 
18 P r u p n r  S ( I - A ) 2 . 3 1 -  ~~ 11.2 ~ O . o S a ~ 0 . 2 4 6  11.2 145- 335 864 1.87 0 . J E  

5 19 Methens 
20 Methane 

912 2.34 0 .521  0 .931  4 . 5 0  
0 , 3 9 3  0 .871  5.16 

0.822 6 .01  

0 , 9 0 4  9.20 
0 .231  0.939 8 . 9 8  

0 .939  10.7 

R ( 2 )  2.46 11.1 0.019 0.213 193 82.4 475  
R ( 2 )  7 . 1 6  1 1 . 1  0.069 0.213 170 83 .9  367 933 2 . 0 3  

1 . 9 8  0 .219  S ( 1 - 8 )  1.20 11.0 0.056 0.300 116 59.1 140 653  
2.04 S ( 1 - 8 )  1.23  11.0 0.056 0.300 119 58.6 148 648 

S ( l - B )  1.04  11.1 0.056~-  0.300 103 ~~~ 59.0  1 . 1 5  0.164 

0 . 2 9 8  ~ ~ ~ - ~ 
R ( 2 j  1.86 11.2 ~ 0 . 0 6 9  0 . 2 1 3  152 84 .9  ~ 284 1.19 

~~ 920 ~ 

~ _ _ _  108 ~~~ - ~ 645- ~ . - ~ -- 

2.84  10.6 0 .056  11.300 116 
1 . 4 3  1 0 . 5  0.056 0.300 147 
2 .25  10.7 0.056 0.300 142 

3.18 9 .94  0.0bY 0 . 2 1 3  181 
3.08  11.11 0.069 0 . 1 1 3  14Y 
2.54 10.9 0.069 0 . 2 1 3  125 

6 1 . 5  
61.4  
62 .3  

8 0 . 3  
87.3 
88.4 

8 0 . 0  

38.5 
39.4 
46 .4  
51 .4  

40.0 
43.4 
4 2 . 3  
4 1 . 1  

4 2 . 9  
42.1 
41 . 8  

- 

8 1 . 2  

.~ 

~- 

3 9 . 8  

45.5 
4 4 . 9  
49.4 ___ 

so1 
358 
321 

6 8 3  
460 
31 1 
650  
468 

785 
612 
4 9 3  
4 8 3  - 

654 2.87 
64 7  2 .40  
666 2 .29  

199 2.25 
9  58 1.11  
962 1 . 4 1  
924  2.06 
175 1.92 

390 5 . 6 4  
414 4.80 
560  3.10 
669 3 .  J 2  

. ~~~ 

- ~- 

0.1b5 0 .918  
0.554 0.935 
0.481 0 . 8 9 0  

0.859 0 . 9 5 3  
0 .481  0 .915  
0 .329  0.895 
0.104 0 .864  
0.604 0.954 

3 .74  
4.33 
4.15 

2 .63  
3.56 
4 . 2 8  
2 .93  
3.18 

-~ - 

~ 

J , b 1  10.6 0.00'4 0.21  I 180 
J . 0 5  9.69  O._UbY 0 . 2 1 3  154 

3.62 10.1 0.050 0 .457  211 
3.24 10.5 0.050 0.451 189 
2 . 8 1  12.1 0.050 0.457 I l l  

~~ 

2.013 0.914 
1.481 0.880 
0 .882  0.868 
0.722 0.861 

0.281 0 .842  
0.459 0 . 8 9 3  
0.559 0.911 
0 .128  0 . 9 5 3  

0.476 0 . 9 0 3  
0.563 0.941 
0 .102  0 .925  
0 .774  0.955 

~~ ~ ~~- 

- ~ -  

-~~ ~ - 

~ 

1 . 8 0  
3.25 
4 20 
4.61  

8 . 1 3  
6.39 
5.b9  
4 .99  

6.18 
5.10 
5.10 
4.89 

10.9 
6 . 6 4  
8.12  

- 

~ -_ 

- 

34 
35 
36 
3 1  

I 0  I 8  
39  
40 
41 

1 1  4 3  
44 
4 5  
46  

I 2  I, 

1.33 10.8 0.079 0.480 91 
1.86 1 1 . 9  0 . 0 7 9  0 , 4 5 0  127 
2 .00  11 .4  0 . 0 7 9  0 , 4 5 0  134 
2.22 1 1 . 1  0.01'4 0.450 151  

~~~ ~~ -~ 

121 
236 
268 
336 

~~ 

433 2.18 
514 2 .93  
481 3 . 1 8  
463 3.63 

496 2.9' 
416  3 .21  
4  66 3.5' 
424 3.11 

I .48 0 . 1 3 1  0.838 
0.820 

539 
2 .21  0 .344  

0 . 8 3 5  
528 
633 1.13 0 .199  

IO00 1.06  
911 1.13 

~ _ _ _ _  ~ 

~ - _ _ _ _ - ~ ~  

236 
268 
321 
327 

73.2 
I 8 0  
I25  _ _  

1.81 11.6 0.079 0 , 4 5 0  126 
1.98 11.3 0.019 0.450 135 
2.19  11.2 0.019 0.450 150 
2 . 1 8  10.6 0 . 0 7 9  0.450 150 

1.09 11 .8  0.092 0 .430  61.1 
1.77 11.1 0.092 0 , 4 3 0  LO2 
1.41 12.8 0.092 0 .430  85.3  

~ ~ - ~ ~ 

__ 
48  
49  

50  
81 
52 
53  
54 
55 

5 6  
51  

~ 

- 

58 
5 9  60 

61 
62 

6 3  
64 
6 5  
b b  
61  
6 8  
6 9  
7 0  
11 
7 1  

1 1  
18 

~ 

R(2-A)  1.81 11.2  0.105 0 . 2 1 3  94 .0  89 .1  110 
R(2-A1  1.94  11.0 0.105 0 . 2 1 3  100 88.4  194 

0.111 
0.162 
0.199 
0.371 
0.425 
0.s01 

0.286 
0.330 
0.405 
0 .590  
0 , 6 0 8  
0 .794  
0.471 

0.217 
0 .292  
0.556 
0 .759  
0 .607  
0 .665  
0.916 
1.261 
0 .485  
0 .109  

0 .519  
0.128 
0 . 5 6 9  

0.499 
0 . 8 0 1  
0.870 

0.600 
1.046 

~. 

__ 

0.184 6 . 2 0  
0 .183  5.70 
0 . 8 3 1  5.03  
0.893 4.11 
0 . 9 1 3  3.89 
0 .919  3 . 5 6  

0.894 6.40  
0.886 6.01 
0.921 5 .45  
0 . 9 3 3  4 .52  
0.955 4 . 3 1  

0 .921  4 . 9 5  

0 .852  5.15 
0.817 5 . 0 2  
0 .912  3 .85  

- - ~  - ~- .. 

0 . 9 1 9  3.82 

13 

~ i z - ~ j  1 . 1 5  10.8 0 . 1 0 5  0 . 2 ~ 3  110 8 6 . 0  236 

R(2-A)  2 .69  10.5 0.105 0 . 2 1 3  139 84.1 314 
R ( 2 - A )  2 .54  10.6 0.105 0 . 2 1 3  131 84.8 331  

R(2-A)  2 .89  10.3 0.105 0 . 2 1 3  J5I5- 82.8  431 

928 1.28 
891  1 .55  
88 3 1.65 

I .81 !? ~ 

14 R ( I - C )  1.84 11.8 0.120 0 . 4 3 0  84.1 45.9  155 541 1 . 8 3  
538 1.98 
5 7 5  2.21 

R(1-C)  1.96  11.8 0.120 0 .430  90.3 4 5 . 7  111 
R ( I - C )  2 .14  11 .1  0.120 0.430 99.2 4 5 . 0  213  
R I I - C )  2 .54  11.4  0.120 0 . 4 3 0  1 1 1  4 4 . 2  299  

-.. 
506 2.65  

n i l - c j  2.55 11 .2  0 .120  0.430 115 43.2  293  
R ( 1 - C )  2.90  11.1  0 . 1 2 0  0.430 130 4 3 . 0  317 

251 R(1-C)  2 .31  11.7 0.120 0.430 106 45.3 

R ( I - C )  2 .13  10.9 0.120 0 . 4 3 0  62 .1  44.6 134 
R ( I - C )  2 .15  10.8 0.120 0 . 4 1 0  64.6 4 4 . 5  140 

- . 

483 2 .65  
478 3 . 0 2  
532 2 . 3 3  

4R6 1.41 15 
4 7 9  1 . 4 6  
456 2 .05  
' 5 0  2.41 

R ( I - C )  2 .83  10.6 0.120 0.430 88.0 42.9 254 
R ( I - C )  3.32 10.6 0 . 1 2 0  0,430 IO4 43.2 341  

2 7 6  
0 .929  3.21 -. 

4 54 2.22 0 .885  3 . 6 5  
0 .918  3 .33  
0.934 2 .88  

446 2 .22  
449  2.80 
420 3.18 

R(1-C)  3.66 10 .5  0 .120  0 .430  119 4 2 . 6  437 
R ( I - C )  4.04  10.2 0 . 1 2 0  0 , 4 3 0  131 41.2 530 
R ( I - C )  2 .95  1 1 . 1  0.120 0 .430  7 9 . 5  4 4 . 3  238 
R ( I - C )  3 .39  ~ 10.2 -~ 0.120 0.430. 8 6 . 3  4 0 . 5 -  293  

0.954 2 .53  
0 .681  3 . 8 0  
0.941 3.01 

0.922 4 . 0 3  
0.888 3.63  
0 .852  4 .34  

0.892 4 . 0 1  
0.880 3 . 6 1  
0 .919  3.01 

0.181 4.20 
0.869 3.11  

-- 

- -~ 

- 

~~ 

4 9 0  1 . 1 9  
414 ~ 2 . 1 3  

651 1 . 0 8  
650 2.49  
682 2.41  

506 2.03  
499 1.86 
469  2 .65  

435  2.50 
400 1 . 0 1  

S ( 2 )  1 . 1 2  11.0 0 . 0 6 6  0.311 125 60.0 34 I 
S ( 2 )  3 . 1 8  10 .Y  0.066 0 .317  149 59.7 4 1 3  
S(21  2 .5b  l k l  0 . 0 6 6  0 . 3 1 1  - 151 ~~ ~ 61.3  308 

S ( 2 - A )  2 . 6 Y  10.9  0 ,084  0.410 93.9 4 6 . 0  2 5 3  
S ( ? - A )  2 . 9 6  10.6  0,084 0 . 4 1 0  134 41.0 4 0 1  
S ( 2 - A )  ~~ . - 3 . 4 I  _ ~ ~ _ _ ~ _ _ _ _ _ _ _ ~ ~ ~ ~ ~  10.4  0.084 0 . 4 1 0  119 4 4 . 9  .~ 4 0 8  - 
R ( 2 - 8 )  1.10 1 1 . 3  0 . 0 8 3  0 , 5 0 6  96.3  38.5  261 
R ( I - 8 )  3 . 4 )  10.9 0 . 0 8 3  0.506 I22 36 .8  4 1 8  - ~~ ~ - ~ -~ 

I b  

7 9  

I7 no 
- 
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Figure V-2 .  FloxlMethane Characteristic ExhnuJt Vrloc i /y ,  
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C. IGNITION 

Reliable hypergolic ignition was obtained in all tests. Ignition was 
followed by a smooth rise in chamber pressure: no pressure spikes occurred 
during ignition on any tests. Ignition delays were given in table V-1 for 
the sea level tests. The  delay times were measured from the time that the 
oxidizer (lagging propellant) valve began to open until ignition. Delay 
time, therefore, includes injector fill time (20 milliseconds or more depend- 
ing upon nitrogen purge rates). Ignition delays ranged from 45 to 325 
milliseconds. Only three tests showed delays over 140 milliseconds, and 
these are attributed to gaseous nitrogen being left in the run line from 
the pretest purge. Previous hypergolicity studies on flox/light hydrocarbon 
propellants (Reference 17) using single element subscale injectors, showed 
a definite correlation of delay time and mixture ratio. No relationship 
was found for these full-scale tests. This was expected because mixture 
ratios during the start transient can vary considerably from the programed 
steady-state mixture ratio. In addition, with multielement injectors there 
is a variation in mixture ratio across the injector face during the start 
transient diie to manifold filling and temperature variations. While these 
variations preclude the correlation of ignition data, they increase the 
reliability of obtaining hypergolic conditions in a multielement injector. 

52 



Pratt & Whitney Flircraft 
PWA FR-2227 

D. COMBUSTION STABILITY 

Combustion was stable in 69 of the 84 sea level tests. Of the 15 unstable 
tests, 2 were with propane and the remainder were with butene-1. Com- 
bustion was stable during all flox, methane tests. 

Several tests with propane experienced mild instability during the 
start transient. This instahility atteniiated and combustion was stabilized 
as chamber pressure approached the steady-state value (less than 1.0 sec). 
T h e  propane tests in which instability occurred during steady-state operation 
were characterized by low fuel differential pressures. The  low injector 
drops were caused by fuel leaks around the faceplate retaining screws that 
were used in early porous face injectors. It was concluded that the screws 
were loosened by oscillations during the start transient. T h e  continued 
instability after the start transient may have been caused by the low fuel 
differential pressure and poor distribution. 

Thirteen of the 26 flox/butene-1 tests were highly unstable. High 
response chamber pressure measurements indicated primary instability of 
2900 to 5200 cps (first tangential mode) with peak-to-peak amplitudes up  
to I30 psi. Lower amplitude harmonics of this mode were also recorded. 
Figure V-6 shows a typical frequency-amplitude plot from one of the 
butene-1 tests. Because the most volatile fuel (methane) was surprisingly 
stable and the next most volatile fuel (propane) was slightly less stable, 
several tests were made with ambient temperature butene-I. By increasing 
the butene-I inlet temperature from the normal operating temperature of 
180"R to a temperature of 530"R, the amount of liquid subcooling was 
reduced from 415"R to 65"R (compared to 75"R for methane and 335"R 
for propane). No stability improvement was found. Because of the limited 
amount of data, other methods of correlating the occurrence of instability 
were unsatisfactory. The  fact that all butene-I tests with the porous face 
injectors were stable is probably connected with the breakup in energy 
pattern caused by the somewhat random flow through the injector face. 

E n  " 
0 2 4 6 8 10 

FREQUENCY - cps (Thousand) 

Figure V-6. Typical Frequency-Amplitude Helationship From 
Unstable FZox/Bulene-I Test (Tes t  N o .  78)  
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E. HEAT TRANSFER 

Figures V-7 through V-IO compare measured heat transfer coefficients 
with those predicted using the Bartz short form equation, Reference 14. 
Film coefficients were not calculated for all sea level tests; however, a 
representative range of data was covered. Additional data for methane and 
butene-1 are presented in the discussion of the uncooled altitude tests, 
Section VI. The  results of these data are similar to those obtained with 
the gaseous hydrocarbon fuels under Contract NASS-4195, Reference 1.  
In  most cases, the film coefficient reaches a maximum upstream of the throat 
and has a maximum value well below the predicted maximum. Heat trans- 
fer rates with butene-1 using the solid face pentad injector were significantly 
higher than the Bartz predictions throughout the chamber, figure V-10. 
This is probably due to the greater impingement angle used in this injector 
(90 degrees compared with approximately 55 degrees in other injectors) and 
the pentad element design that surrounds the fuel streams with oxidizer. 
Tests with this injector had significantly less carbon deposition on the walls 
than other butene-1 tests. 

Table V-5 compares measured and predicted heat transfer rates for 
the same sea level tests shown in figures V-7 through V-10 and for all 
uncooled simulated altitude tests. These rates are for heat transferred to 
the copper chambers and include the copper expansion section downstream 
of the throat. Figure V-11 shows the ratios of experimental-to-predicted 
heat transfer rates plotted as functions of mixture ratio €or methane, 
propane, and butene-I. T h e  “X” on each curve shows the interpolated 
value of the measured-to-predicted total heat transfer rate at each fuel’s 
respective mixture ratio for maximum theoretical specific impulse. Figure 
V-12 shows the “X” values plotted as functions of fuel hydrogen-to-carbon 
ratio. Also shown on figure V-12 are similar data from Contract NAS3-4195. 
While there are differences in magnitude among the three curves, all show 
significant similarities in correlating reduced heat transfer rates with 
increasing percentages of carbon in the fuel. T h e  reduction in heat transfer 
rate is primarily due to increased carbon deposition on the wall resulting 
from increased free carbon in the boundary layer. T h e  differences in 
magnitude among the three sets of data may be due somewhat to circum- 
ferential variations in heat flux, but are caused primarily by differences 
in the injectors used in the two programs. Figures V-13 through V-15 show 
the circumferential temperature profiles for methane, propane, and butene-1 
near the theoretical optimum mixture ratio for each. Note that, while 
there was considerable circumferential variation, the axial heat transfer 
data were taken at approximately an average heat flux location. 
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T e s t  No 

6 
7 
11 
2UA 
3UA 
4UA 
5UA 
6UA 
7UA 
8UA 
9UA 
1 OUA 
1 1 U A  

2 
3 
4 
5 

63  
65  
66 
69 
7 7  
12UA 
13UA 
14UA 
15UA 
16UA 

TABLE V-5. COMPARISON OF MEASURED AND PREDICTED CHAMBER 
HEAT TRANSFER RATES(1) 

Fue 1 

Methane 
Methane 
Methane 
Me thane 
Me thane 
Methane 
Methane 
Me thane 
Me thane 
Methane 
Methane 
Me thane 
Methane 

Propane 
Propane 
Propdne 
Propane 

Butene -1 
Butene -1 
Butene-1 
Butene-1 
Butene- 1 
Butene -1 
Butene - 1 
Butene - 1 
Butene -1 
Butene-1 

Mixture  
R a t i o  

6.26 
5.87 
5.98 
4.54 
5.16 
4.17 
3.81 
3.57 
3.85 
3.67 
4.00 
4.96 
5.99 

3.39 
3.88 
4.09 
4 .92  

5 .15  
3.85 
3.21 

4 . 0 3  
4.10 
2.11 
3.76 
3 .68  
4 .66  

2 . 8 8  

I n j e c t o r  

S ( 1 )  
S ( 1 )  
R(1) 
R(1-C) 
R(l-C) 
R(1-C) 
R(1-C) 
R(l-C) 
R(l-C) 
R(1-C) 
R(1-C) 
R ( l - C )  
R(1-C) 

S ( 1 )  
S(1) 
S(1) 
S(1)  

R(1-C) 
R(l-C) 
R(1-C) 
R(l-C) 

S(2-A) 
S(2-A) 
S(2-A) 
S(2-A) 
S(2-A) 

S ( 2 )  

Measured 
Heat Loss Rate ,  

B tu l sec  

826 
772 
765 
712 
612 
665 
574 
538 
554 
544 
584 
54 5 
539 

419 
437 
441 
464 

338 
215 
219 
218 

1611 
1222 
1240 
1365 
143R 
1395 

P r e d i c t e d  
Heat L o s s  R a t e ,  

B tu l sec  

878 
892 
727 
796 
739 
785 
814 
845 
732 
747 
815 
767 
6 38 

1092 
915 
866 
710 

526 
9 36 

850 
719 
621 
6 36 
616 
142 
662 

829 

Experimental-  
t o - T h e o r e t i c a l ,  

% 

94 .1  
86 .6  

105.0 

'11.0 
84.7 
70.7 
63.7 
75 .8  
72 .8  
71.6 
71.2 
8 4 . 5  

4 3 . 8  
44.8 
51.6 
65.4 

64.4 
29.4 
26.4 
25.6 

225.0 
197 .0  
195.0 
2 0 2 . 0  
194 .0  
211.0 

8 9 . 5  

( l ) T o t a l  heat  t r a n s f e r r e d  t o  t h e  uncooled copper  chamber. P r e d i c t e d  r a t e s  a r e  based on  B a r t 2  s h o r t  form 
film coe E f i c i e n t  6 .  

As would be expected, injector design had a significant effect on the 
total heat transfer rates and on the distribution of heat transfer. This is 
evidenced by comparison of the axial profiles shown in figures V-7 through 
V-10 and also by the extremely high heat transfer rates obtained with 
butene-1 using the pentad injector. Two factors contributing to the lower 
heat transfer rates in the gaseous fuel tests were (1) the use of coaxial 
injector elements in which each oxidizer stream was completely surrounded 
by fuel, and (2) the 15-degree angle on the conical injector face, which 
directed propellants away from the chamber wall. These data indicate 
that, with all flox/light hydrocarbon combinations, injector design tech- 
niques can be used to reduce heat transfer rates significantly while main- 
taining high combustion efficiencies. Also, because of the effect of decreased 
hydrogen-to-carbon ratio on reducing heat transfer rates (predicted rates 
are roughly the same for all flox/light hydrocarbon combinations) it would 
be expected that the lowest rates can be attained with the high carbon 
content fuels. 
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Figure V-11 .  Ratio of Measured t o  Predicted Heat  Transfer 
Rates t o  Copper Chamber 
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SECTION VI 

UNCOOLED ALTITUDE TESTS - TASK 111 

A. TEST DESCRIPTION 

T h e  uncooled simulated altitude test objectives were: (1) to deter- 
mine delivered vacuum specific impulse, (2) to evaluate kinetic equilibrium 
expansion losses, (3) to provide chamber and nozzle heat transfer coeffi- 
cients, and (4) to verify hypergolicity under vacuum start conditions. T h e  
uncooled copper thrust chambers and uncooled stainless steel nozzles de- 
scribed in Section 111 were used for these tests. Injectors were selected based 
on their performance in the sea level tests. Nominal test conditions were 
100-psia chamber pressure and 5000-lb vacuum thrust at a nozzle area ratio 
of 40. Propellant inlet conditions were liquid flox at approximately 160"R 
and subcooled liquid fuels at 200-270"R. Altitude conditions were simu- 
lated by a continuous-acting steam-driven diffuser that was capable of 
Eaintaining pressmes of Approximately 0.2 p i a .  Figure VI-1 shows the 
chamber mounted in the test facility. Table VI-1 presents a summary of 
the sixteen uncooled simulated altitude tests. 
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The  11 methane tests were all made with 82.6% flox using injector 
R(1-C) . T h e  two initial tests, of 2.0 and 4.0 seconds duration, verified 
the ability of the uncooled nozzle to withstand test durations up to  6.0 
seconds with flox/methane. Because some improvement in injector per- 
formance had been noted toward the end of the 4.0-second sea level tests, 
it was decided to conduct the altitude tests for a longer duration to  deter- 
mine the effects of injector cooldown on performance. The  remaining 
flox/methane tests were, therefore, of 6.0-seconds duration. Prior to  the 
last five methane tests, 38 0.009-inch diameter fuel holes were drilled near 
the outer circumference of the injector to produce a more uniform circum- 
ferential heat flux profile. These holes were located to intersect the 
oxidizer fans nearest to the chamber wall, and to prevent oxidizer impinge- 
ment on the chamber wall in the event that the outer oxidizer streams 
did not completely impinge on each other. 

T h e  five butene-1 tests were made with 70.4y0 flox and the modified 
pentad injector, S (l-A) . Because the sea level tests with this injector were 
unstable, a quarter-length acoustic liner was incorporated in the chamber. 
The  design of this liner was discussed in Section 111. 

B. PERFORMANCE 
Calculated performance data for the simulated altitude tests are pre- 

sented in table VI-2. Performance data were calculated using the methods 
detailed in Appendix A. Characteristic velocity for the flox/methane 
simulated altitude tests are presented in figure VI-2. Figures VI-5 and 
VI-4 show vacuum specific impulse and vacuum thrust coefficient as func- 
tions of mixture ratio for the floximethane tests. Open symbols on these 
figures indicate data obtained in short-duration tests or tests in which the 
thrust measurements were questionable, due to either nonrepeatable tare 
values or high diffuser pressure that might have caused nozzle separation. 
Good agreement between data obtained in the two series of methane alti- 
tude tests indicated that the fuel cooling holes added to the injector between 
test No. 6UA and 7UA had no significant effect on performance. A max- 
imum vacuum specific impulse of 368 seconds was indicated at a mixture 
ratio of approximately 4.0. The  shift of the peak mixture ratio below the 
theoretical optimum of 5.75 is due to the decrease in combustion efficiency 
and thrust coefficient efficiency at high mixture ratios. The  most signifi- 
cant of these is the steep decrease in combustion efficiency obtained with 
injector R (l-C) , i.e., 7y0 decrease between mixture ratios of 4.0 and 5.75. 
Characteristic velocity, vacuum specific impulse and vacuum thrust coeffi- 
cient as functions of mixture ratio are shown for floxlbutene-1 in figures 
VI-5, VI-6, and VI-7. A maximum specific impulse of 562 seconds is 
indicated at a mixture ratio of 3.85. Figures VI-2 and VI-5 show a small 
difference in characteristic velocity measured in the sea level and altitude 
tests. While this difference is generally within the experimental accuracy 
of the data (see Appendix A ) ,  some data scatter from both the sea level 
and altitude tests can be attributed to the effect of variations in propellant 
inlet temperatures on injection momentum ratio. 
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In  all cases the vacuum thrust coefticient losses were greater than those 
attributed to nozzle friction and divergence losses, Cs'. This difference, 
which increases at higher mixture ratios, is attributed primarily to non- 
equilibrium chemical recombination during expansion; however, incom- 
plete mixing of combustion reaction products has been shown to be the 
major cause of combustion inefficiency, and incomplete mixing can also 
produce substantial thrust coefficient losses. The  indicated losses of approxi- 
mately 2 to 4% are significantly less than losses predicted b y  nonequilibrium 
kinetic calculations. Table VI-3 compares the calculated kinetic losses with 
those estimated from the altitude tests. The  kinetic results shown in table 
VI-3 are based on nonequilibrium performance calculations made using 
the one-dimensional kinetic flow program developed by United Aircraft 
Corporation Research Laboratories (Reference 18) . The  sudden-freeze 
point approximation is an extension of Bray's sudden-freeze point method 
(Reference 19) to include one-dimensional nozzle flows with several con- 
current chemical reactions (Reference 20).  Table VI-4 presents the ele- 
liielital-y reaction mechanism and reactior, rrte c~nstants employed in the 
one-dimensional kinetic flow deck calculations. This mechanism and the 
rate constants are consistent with Reference 21, except that third-body 
effects of CO and the minor constituents have been incorporated. T h e  
sudden-freeze point calculations used only reactions 1 through 8. Kinetic 
losses predicted by the two methods agree within approximately 20yo; 

TABLE VI-3. REDUCTION IN VACUUM SPECIFIC IMPULSE 
DUE TO REACTION RATE LIMITED EXPANSION(1) 

Fue l  F2 I n  Mixture  A I v a c ,  A I v a c  9 A I v a c ,  (4) 
T e s t  R e s u l t s ,  

sec (3) 
R a t i o  K i n e t i c  Sudden-Freeze 

% Method i2) Po in t  Method, 
F l o x ,  

sec see 

38 
5.75 42 44 
5.25 34 40 
4 .75  29 36 
4.25 26 32 

25 3.75 -- 
Butene-1 70.4 4 .00  -- 40 

3.85 -- 42 
37 3.50 - -  

3.25 - -  33 

Methane 82 .6  6.00 - -  15 
14  
12 
11 

8 
6 

10 
10 

8 
7 

( "Theore t ica l  vacuum s p e c i f i c  impulse based on 100-ps ia  chamber 
p r e s s u r e ,  nozz le  area r a t i o  of  40,  and both p r o p e l l a n t s  a t  
t h e i r  normal b o i l i n g  p o i n t s .  

(2)0ne-dimensional  k i n e t i c  e q u i l i b r i u m  c a l c u l a t i o n s  (Reference 18) . 
(3)Method o f  References  1 9  and 20. 

( 4 ) ~ x p a n s i o n  vacuum impulse l o s s e s  a f t e r  c o r r e c t i n g  f o r  nozz le  
f r i c t i o n  and d ive rgence  l o s s e s  and combustion e f f i c i e n c y .  
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however, losses based on test results are only 20 to 40% of the predicted 
losses. This indicates that the recombination reaction mechanisms and 
rates currently believed to be the best available do not adequately describe 
the flox/light hydrocarbon recombination process. 

TABLE VI-4. ELEMENTARY REACTIONS AND REACTION RATE CONSTANTS 
EMPLOYED IN FLOX/METHANE REACTION MECHANISM 

Number React  i o n  Rate(') 

1 H + H + H - + H 2 + H  
2 H + F + H + H F + H  
3 H + H + H F - r H z + H F  
4 H + H + F d H 2 + F  

6 H + F + F - H F + F  
7 H + F + H24HF + H2 
8 H + F + HF-HF + HF 
9 H + F + CO-HF + CO 

10  H + H + CO--H2 + CO 
11 
12 
13 

5 H + H + H24H2 + H2 

H + H + M C - C H ~  + MC(2) 

F $. H2aHF + H 
H + F + MC+HF + MC(2) 

kf = 1.156 x T-0'5061 exp (3690/T) 
kf = 1.551 x 1012 T-O.6042 exp (3780/T) 
kf = 1.222 x 1012 T-0.5061 exp (3690/T) 
kf = 3.000 x 1012 T-0.5061 exp (3690/T) 
kf = 5.555 x L O 1 3  T-0*5061 exp (3680/T) 
kf = 6.634 x T-0*6042 exp (3780/T) 
kf = 6.035 x 1012 T-o-60b2 exp (3780/T) 
kf = 1.871 x 1011 T-0.6042 exp (3780/T) 
kf = 3.102 x 1012 T-0*6042 exp (3780/T) 
kf = 2.312 x 1013 T - O 0 5 0 6 ~  exp (3690/T) 
kf = 2.312 x 1013 T-O.506l exp (3690/T) 
kf  = 3.102 x 1012 T-0.6042 exp (3780/T) 
kf  = 4.190 x 108 exp (-6950/T) 

("Expressed i n  lb-moles ,  f t 3 ,  sec, and O R .  

( 2 ) ~ ~  r e f e r s  t o  minor c o n s t i t u e n t s .  

C. ALTITUDE IGNITION 

Smooth hypergolic ignition was achieved in all simulated altitude 
tests. Ignition delays for all of the simulated altitude tests are given in 
table VI-1. Table VI-5 compares the average ignition delay times for the 
sea level and vacuum starting conditions. Because this delay time includes 
injector filling, the comparisons are made between sea level and altitude 
test series with the same injector. For methane and butene-1 the average 
delay times at vacuum conditions were approximately 40 msec longer than 
at sea level ambient conditions; however, the start transient was equally 
smooth and no pressure spikes were encountered. T h e  averaged data are 
presented to give an indicative comparison and the 40 msec increase should 
not be considered an absolute value. 

TABLE VI-5. AVERAGE IGNITION DELAYS FOR SEA LEVEL AND 
ALTITUDE TESTS 

Fuel  I n j e c t o r  Average Sea Leve l  Average Vacuum 
I g n i t i o n  Delay Time, I g n i t i o n  Delay Time, 

msec msec 
M e  thane R(1-C) 58 93 

Butene- 1 S (2-A) 115 163 
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D. ACOUSTIC LINER OPERATION 
The  five flox/butene-1 simulated altitude tests were made using the 

pentad injector, S (2-A) , and an uncooled chamber incorporating the 
quarter-length acoustic liner, described in Section 111. This design provided 
a theoretical absorption coefficient above 95y0 over the 2800 to 3200 cps 
frequency range. The  acoustic liner was required t o  suppress severe first 
tangential mode combustion instability encountered during the earlier sea 
level testing. The  primary frequency of  the instability occurred at approx- 
imately 3100 cps with peak-to-peak amplitudes as high as 60 psi. Strong 
first and second harmonics were also recorded at 6400 and 9600 cps. 

T h e  acoustic liner performed as expected in reducing the instability. 
In  figures VI-8 and VI-9, frequency-amplitude relationships obtained with 
this injector in uncooled sea level tests without the liner are compared 
with those in the uncooled simulated-altitude tests using the liner. Each 
figure compares tests having approximately the same mixture ratio and 
flow rates. Peak-to-peak pressure variations up to 60 psi were reduced to 
less than 1 psi with the liner. 
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E. NOZZLE HEAT TRANSFER 

In  figures VI-IO through VI-I3 film coefficients from representative 
simulated altitude tests using methane with injector R (1-C) are compared 
with coefficients predicted by the Rartz equation. T h e  chamber coefficients 
show the effects of injector wall impingement on film coefficient but are in 
all cases lower than the Bartz predictions in the throat region. T h e  total 
chamber heat transfer rates for these tests were comparable to those of the 
sea level tests. The  amount of chamber heat transfer reduction from the 
Bartz predictions is discussed in Section V. Film coefficients in the nozzle 
are very close to the Bartz predicted values. The  data point 30 inches from 
the injector face (located close to the diffuser seal band) yields low film 
coefficient values due to the heat transferred to the band. 
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Figures VI-I4 and VI-15 present circumferential throat temperature 
rise profiles for tests No. 6UA and l lUA,  superimposed on photographs 
taken of the copper chamber from the injector end after each respective 
test. T h e  areas of highest temperature rise show agreement with the light- 
colored streaks in the photograph, indicating oxidizer-rich areas. The  last 
five flox/methane tests showed substantial improvement in temperature 
uniformity over th;it o1)tained with the s;i~ne injector in previous tests. 
The  improvnient in the temperature pattern is attributed to the 38 fuel 
holes drilled near the outer circumference of the injector before test No. 
7UA. The carbon deposits in the exhaust nozzle were lighter than in the 
chamber. Figure VI-16 shows the nozzle after test No. 6UA. T h e  lighter 
streaks correspond to  the high temperature rise areas. 

Figures VI-17 and VI-18 present film coefficient data from butene-I 
tests using the modified pentad injector. As with the sea level tests (tests 77 
through 82) , the experimental film coefficients were considerably above 
those predicted by the Bartz equation. This is surprising in light of the 
complete damping of the combustion instability. Previous acoustic liner 
testing on other programs has shown that reduction of the amplitude of the 
instability has produced a corresponding reduction in the chamber heat 
flux. The  diEference between the low heat fluxes (approximately 275 
Btu/lb) encountered in stable flox/butene-1 tests with triplet injector 
R(1-C) and the higher heat fluxes in unstable tests with triplet injector 
R (2-B) indicates that instability was a major contributor to high heat fluxes 
in previous tests, Figures VI-19 and VI-20 show that very little carbon was 
deposited on the wall in either the chamber or exhaust nozzle, an indication 
of oxidizer combustion products near the wall. Apparently the propellant 
distribution produced by the pentad element geometry prevented carbon 
buildup on the chamber wall, and this distribution, rather than combustion 
instability, was the predominant factor in the high heat fluxes encountered. 
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Table VI-6 shows a comparison of measured and theoretical heat losses 
in various sections of the engine. T h e  average ratio of meAsured-to-theo- 
retical total heat loss rates for the chamber and nozzle in the methane 
tests was 0.78 compared to 2.00 for the butene-1 tests. T h e  average ratio 
of measured-to-theoretical heat transfer rates in the stainless steel skirt 
was 0.74 for methane and 1.83 for butene-1. T h e  value of this ratio T Y ~ S  

relatively unaffected by mixture ratio whereas the chamber dntn presented 
in Section V showed a definite reduction at low mixture ratio$. For both 
fuels approximately 55yo of the total heat transferred occurred upstream 
of the nozzle throat. 

TABLE VI-6. MEASURED AND PKEDICTED HEAT TKANSFEK RATES FOR 
ALTITUDE TESTS 

Test  
No. 

2UA 

3UA 

4UA 

5UA 

6UA 

7 UA 

8UA 

RIA 

1 (I IA 

11UA 

12UA 

13UA 

14UA 

15UA 

16UA 

Rat io  
Fuel Mixture T o t a l  T o t a l  Percent  o f 

Measured T h e o r e t i c a l  (Q Qmeasu,ed ) (u Qmeasurcd ) sk i r t  Tota l  Transfer red  Heat t o t a l  t h e o r e t i c a l  Heat Loss Heat Loss t h e o r e t i c a l  
Rate .  Rate .  t o  Chamber 

Methane 4.54 

Methane 5.16 

Methane 4.17 

Methane 3.81 

Methane 3.57 

Methane 3.85 

Methane 3.67 

Me thane 4.00 

Methane 4.96 

Methane 5.99 

Rutene-1 4.10 

Rutene-1 2 . 7 7  

Rutene-1 3.76 

Rutene-1 3.68 

Butene-1 4.66 

Btu isec  

1144 

1099 

1109 

981 

937 

1115 

1059 

1065 

957 

874 

Btu lsec  

1277 

1209 

1310 

1388 

1471 

1471 

1455 

1488 

1344 

1016 

I. 

8 9 . 5  

91 .0  

84.7 

70.7 

63.7 

75 .8  

72.8 

71.6 

71.2 

84 .5  

2321 1181 197 

2538 1301 195 

2223 1099 202 

2554 1320 194 

2327 1104 211 

79.2 

80.8 

80 .0  

67.1 

63.0 

84.5 

79.1 

73.6 

68.7 

~~~~ ~ - ~ 

67.n 

200 

231 

150 

166 

168 

62.2 

61.2 

60.0 

58.5 

57.3 

49.7 

51.4 

54.8 

56.9 

6 1 . 6  

52.6 

48. 9 

61.5 

56.4 

59.9 
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SECTION VI1 

TRANSPIRATION-COOLED ALTITUDE TESTS - TASK IV 

A. TEST DESCRIPTION 

Ten  transpiration-cooled altitude tests were conducted to evaluate 
transpiration-cooling flow requirements with liquid methane and the per- 
formance degradation caused by incomplete mixing o f  the coolant and com- 
bustion products. The  test rig, shown mounted on the test stand in fig- 
ure VII-1, consisted of the transpiration-cooled chamber and uncooled 
nozzle described in Section 111. Injector R(1C) was used for all tests. 
Propellant inlet conditions were 82.6y0 flox at 160"R and liquid methane 
at approximately 200"R. Coolant flow rates were varied from an initial 
conservative value, 8% of the total flow, to the minimum predicted value 
of 4%. T h e  test durations and operating conditions are shown in table 
VII-1. During six of the tests injector mixture ratio excursions were made 
to provide a wide range of data with a minimum number of tests. 
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During the first series of six transpiration-cooled tests, nonuniform 
erosion of the Rigimesh chamber walls was noted, and the erosion progressed 
with each test. After these six tests the Rigimesh chamber walls were 
eroded in four segments just upstream of the throat and in the first segment 
of the diverging section. Damage to the Rigirnesh on most segments was con- 
fined to the top layers of the eight-layer Rigimesh, except for the upstream 
throat se,gment, which was completely eroded through in several places. 
The  eroded areas were found to correspond directly to the high heat flux 
areas found in uncooled altitude tests conducted with this injector as shown 
in figure VII-2. T h e  severe damage of the upstream throat segment resulted 
from the large percentage of the coolant flow diverted from the Rigimesh 
after the initial erosion was completely through. 

High Heat 
Flux Areas 

Injector End 

Uncwled Chamber Transpirationcooled Chamber 

Figure VII-2 .  Correlation of Uncooled Chamber Heat Flux Pattern 
W i t h  Transpiration-Cooled Chamber Damage 

FD 19775 

Prior to test No. 7, fuel coolant holes were drilled in the injector 
face to provide uniform circumferential heat distribution (see Section VI) . 
This test was aborted by a high Rigimesh temperature reading. Erosive 
damage occurred to both throat segments, with temperature distortion of 
the Rigimesh flow characteristics noted in the five upstream chamber 
segments. Data indicated that the chamber damage was caused by coolant 
leakage between the segments that resulted in reduced coolant flow 
through the Rigimesh walls. During chamber disassembly it was found 
that coolant leakage occurred between the segments because of improper 
sealing. 

For the third series of tests, the chamber was modified to accept 
additional chamber assembly pins to assure adequate compression of the 
rubber sealing compound used between the segments. N o  hardware damage 
was noted after the first two tests (8.6 and 20 seconds duration). After the 
third test in this series, superficial Rigimesh erosion was found in several 
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segments with severe erosion of the downstream throat segment. Data 
revealed that the downstream throat segment eroded through at about 
14 seconds into this 30-second test. The  severity of the erosion in this 
segment was again due to coolant flow diversion from the Rigimesh, once 
the segment had eroded through. There was no damage to the upstream 
throat segment. This test was conducted using the predicted minimum 
permissible coolant flow rate, approximately 4y0 of the total flow. T h e  
failure was apparently a result of Rigimesh porosity changes that occurred 
at local high heat flux areas. 

B. PERFORMANCE 
Table VII-2 present calculated performance data for the ten transpira- 

tion-cooled tests. Performance data reduced in accordance with the methods 
described in Appendix A. Figure VII-3 presents vacuum specific impulse 
and vacuum specific impulse efficiency as a function of engine mixture 
ratio and percent propellant used for cooling. As expected from the no- 
mixing performance predictions, the data show a peak specific impulse at  
a lower engine mixture ratio than the uncooled tests. T h e  maximum per- 
formance occurs when the injector propellants, approximately 95y0 of the 
total flow, are operating near their optimum mixture ratio. T h e  higher 
peak specific impulse measured in the transpiration-cooled tests is caused 
b y  performance gains realized from increased mixing in the chamber. 
Apparently, the effect of coolant mixing. is substantial so that, not only 
are the transpiration-cooling losses small, but the injector performance (or, 
more correctly, the performance of the propellants flowing through the 
injector) is improved as well. The  characteristic exhaust velocity efficiency, 
which is shown in figure VII-4, was calculated using the propellant flow 
introduced upstream of the throat. T h e  data from tests No. 7T and 10T-3 
were eliminated from figure VII-4 because throat erosion during these 
tests produced questionable characteristic velocities. T h e  higher charac- 
teristic exhaust velocity efficiencies (based on injector mixture ratio) of 
the transpiration-cooled tests, as compared with the uncooled tests, were 
again probably the result of increased turbulence promoted by the partial 
mixing of the coolant and combustion gases upstream of the throat. T h e  
characteristic exhaust velocity efficiency that is shown in figure VI 1-5 was 
calculated using the total propellant flow rate. This parameter and the 
vacuum thrust coefficient efficiency, also shown in figure VII-5, are useful 
for predicting vacuum specific impulse efficiency from the following 
relationship: 

- 
%ac - qc*'7cF 

vac (cor )  

where r)cy and qCp vnr(ror, are determined at equal engine mixture ratios. 
The  thrust coefficient efficiency for the transpiration-cooled tests is some- 
what higher than the uncooled tests because of the coolant addition 
downstream of the nozzle throat. 
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Vacuum specific impulse efficiency for the limiting case of no mixing 
between the injector propellant stream and coolant streams was calculated 
for each of the transpiration-cooled tests. The  no-mixing calculations were 
based on the methods detailed in Appendix A (equation A-42). Character- 
istic exhaust velocity efficiencies, kinetic expansion efficiencies, and stream 
thrust coefficients used in these calculations were based on uncooled test 
results at the injector (main stream) mixture ratio. T h e  contribution of 
the coolant was based on isentropic expansion of the individual segment 
flows entering at  the segment Rigimesh hot-side temperature. Figure VII-6 
compares the measured performance of each test with the no-mixing 
predictions. The  no-mixing values were calculated using flow rates and inlet 
temperatures measured in each test. It can be seen that in all cases the 
measured performance was higher than the no-mixing prediction, indicating 
a significant amount of mixing between the streams. T h e  amount of mixing 
and the performance gained will depend on a large number of variables, 
including: injector design, chamber configuration, amount of coolant 
used, and the thrust level. As shown in these tests, the increased mixing 
due to transpiration cooling can result in a performance increase at low 
mixture ratios. 

C. COOLING REQUIREMENTS 

Table VII-3 presents coolant flow rates and Rigimesh combustion side 
temperatures for each of the eight chamber segments. Data in this table 
were averaged over the same time intervals as the performance data for the 
transpiration-cooled tests. Figure VII-7 shows the ratio of the calculated 
chamber heat transfer film coefficients to the film coefficients predicted 
from the uncooled tests. The  calculated film coefficients are determined 
from the enthalpy rise of the coolant and the measured wall temperatures. 
I t  was assumed that the coolant exit temperature was equal to the Rigimesh 
hot-side temperature. Figure VII-8 gives the same ratio except that the 
predicted film coefficients are based on analytically determined values 
using the Bartz short form method. For most of the segments, figure VII-8 
shows film coefficient ratios closer to the anticipated value of 1.0 than 
figure VII-7. T h e  higher film coefficient ratio in the first segment is 
attributed to injector effects similar to those observed in the uncooled 
tests. T h e  low values of film coefficient measured in the eighth segment 
were due to coolant carryover effects because of high coolant flow rates 
from the two throat segments. These data are consistent with those found 
under Contract NAS3-4195 (Reference 1) and indicate that the factors that 
reduce the film coefficients in the uncooled tests (presumably carbon 
deposition or free carbon in the boundary layer) are partially negated by 
the coolant flow, and that the analytically predicted film Coefficients 
based on the Bartz short form are more valid for predicting transpiration- 
cooling-flow requirements. T h e  data indicate that the film coefficient 
tends to increase with higher coolant flow rates. This contrasts with the 
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D. NOZZLE HEAT TRANSFER 

Figure VII-9 compares average nozzle coefficients (calculated from 
nozzle skin temperature data) obtained in the transpiration-cooled tests 
to those obtained in the uncooled altitude tests and those analytically 
predicted by the Bartz short form method. A significant reduction in film 
coefficient because of the effect of transpiration-coolant carryover is shown. 
This reduction exists for a considerable distance downstream from the nozzle 
attachment point and is dependent on the coolant flow rate. As discussed 
in Section III-E, this film cooling effect is sufficient to allow use of a radia- 
tion cooled nozzle extension downstream of an expansion ratio of 9.0 in a 
100 psia, 5000-lb thrust engine. 

DISTANCE FROM INJECTOR FACE - in. 
t o  1 1 

1 2 4 8 12 16 20 24 28 32 36 40 
AREA RATIO, €e 

FD 19776 Figure V I I - 9 .  Comparison of FloxlMethane Average Nozzle 
Heat Transfer  Film Coefficients 
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SECTION Vlll 

REGENERATIVELY COOLED ALTITUDE TESTS - TASK V 

A. TEST DESCRIPTION 

Two flox/butene-1 convectively cooled tests were made under simu- 
lated altitude conditions using the steam-driven ejector system. Injector 
R (1-C) was used with the modified RLlO pass-and-a-half tubular thrust 
chamber discussed in Section 111. Liquid flox was injected at approxi- 
mately 160"R and liquid butene-I was supplied at approximately 190"R. 
T h e  tests were supplementary cooled with the coolant flow controlled 
separately from the injector fuel flow. The  cooling jacket exit pressure 
was maintained at 150 psia by a computer-controlled electrohydraulic valve 
operating in a pressure control mode. 

Test No. 1R ran the programed 10.0 seconds with a constant 7.5 Ib/sec 
coolant flow rate, approximately 1.9 times the injector fuel flow. Post- 
test inspection of the chamber revealed that 11 of the 180 tubes had been 
burned through at the tube ends nearest the injector face (approximately 
1.3 inches from the injector facej. T h e  inner wail of the coolniit inlet 
manifold was also eroded and showed definite indications of oxidizer 
impingement. Several additional tubes had small splits in the chamber sec- 
tion, probably as a result of the reduced coolant flow through the complete 
tubes. The  erosion and splitting of the tubes can be seen in figure VIII-1. 

I 
i 

t 

I 

\ 
1 

I 

i 
I 

I 

a 

i 
i 

FL) 9777 



Pratt & Whitney Flircraft 
PWA FR-2227 

A gradual closing of the jacket exit pressure control valve (at constant 
coolant inlet flow rate) indicated that the initial burnout occurred approxi- 
mately 1.3 seconds after the start of the test or approximately 0.5 second 
after full chamber pressure was reached. The  position of this valve at the 
end of the test indicated that about 45y0 of the coolant was being diverted 
through the holes in the tubes and into the combustion chamber. 

T h e  chamber damage was attributed to several factors as follows: 

1. 

2. 

3 . 

4. 

5.  

IC 

An oxidizer flow-measuring transducer experienced ;I zero shift 
during the start transient. Because this transducer was used as a 
reference by the control system, the oxidizer flow rate was approxi- 
mately 307) higher than the programed set point. This resulted 
in a high mixture ratio and a chamber pressure of approximately 
125 psi. 

The  high chamber pressure caused a reduction in the fuel flow 
rate by reducing the injector differential pressure and by increasing 
the injector face heat flux, thereby choking o f f  the fuel through the 
porous Rigimesh face. T h e  cornbina t ion o f  high oxidizer flow 
and low fuel flow resulted in a mixture ratio approximately 70y0 
higher than the set point value. 

1rregul;ir carbon formation on the w;iIls iiiiinediately dowistreaiii 
of the injector indicated that oxidizer impingement occurred. 
This w a s  attributed t o  distortion of the fuel flow caused by the 
cxcessive c1ianil)er presslire and injector face heat flux. 

The  burnout occurred e;irly in the test before ;in equilibrium 
carbon layer had time to develop. Test results from Contract 
NAS3-4195 (Reference 1) indiciited that from 4.0 to 6.0 seconds 
were required to build up a n  equi1il)rium carbon hyer and during 
this time heat fluxes are higher than equilibrium values. 

The  low coolant pressure drop, i.e., approximately 2.0 psi, through 
the RL 10 chamber prohbly  resulted in some nonuniform coolant 
distribution. 

was surmised that none o f  these problems was severe enough to  have 
individually caused the damage; however, i t  was decided that additional 
chamber modifications should be made to increase the cooling margin in 
the chainher region. A second chamber using tube fillers and a high con- 
ductivity filler 1)rnze (see Section 111-F) was fabricated for additional 
testing. This modified chaml)er was iised in test No.  2K using the s m e  
f low rates oriRiti;illy programed for test No. 1 R. A controls seqrietice change 
WIS IIKI& t o  decx; i~c  the openiiig rate of the oxidizer control valve. This 
WAS  dot^ t o  rcduce the possi1)ility of ;I tr;lnsducer shift :tiid also to provide 
a fuel-rich period t o  iticre;ise the rate of c;irl)on 1)uildup. This test rmi the 
programed 10.0 secwnds; however, cIiamI>er d;image similar to that pre- 
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viously encountered IVX also sustained in this test. It is estimated that the 
initial burnout occurred :it approximately 1.7 seconds into the test, or 
about 0.4 .seconds after f u l l  chnmber pressure was attained. Fifty-four 
of the 180 tubes were damaged in an area limited to the chamber for a 
distance of approximately 3 inches downstream of the injector. Definite 
indications of injector impingement were noted from the groupings of the 
damaged tubes and the appearance of the eroded silver filler. At the end 
of the test, approximately %yo of the coolant was being diverted into the 
chamber through the burned areas. T h e  remainder of the chamber was 
satisfactorily cooled with the remaining coolant. 

During test No. 2R the injector fuel pressure drop was significantly 
higher than predicted from measured flow areas and from water flow tests. 
T h e  injector pressure drops increased with time, and for most of the run 
prevented full fuel flow from being achieved. Analysis of the fuel com- 
position showed 97+y0 purity with no unusual contamination. T h e  low 
temperature viscosity of the fuel was approximately equal to the literature 
value for pure butene-1 and no particulate contamination was found. I t  
was concluded that the fuel properties did not cause the high injector 
pressure drops. Apparently, fusion of the Rigimesh face of the injector 
had occurred during the transpiration cooled methane tests to the point 
that satisfactory cooling of the injector face was no longer possible and 
local boiling occurred. The  boiling produced the high injector pressure 
drops, and may also have distorted the fuel distribution, thereby increasing 
variations in the circumferential heat flux. 

I n  both tests No. 1R and 2R a sudden rise in coolant inlet and outlet 
pressures was noted during the start transient as chamber pressure suddenly 
increased to the desired value. The rise in chamber pressure and coolant 
pressure occurred approximately 1.1 seconds after the test start, as shown 
in figure VIII-2 for test No. 2R. Because the coolant flow had been stabi- 
lized prior to the start transient and was completely separate from the 
injector flow, the sudden pressure rise can only be attributed to the 
sudden increase in chamber heat flux that occurred with the chamber 
pressure buildup. It is believed that this sudden increase in heat flux caused 
localized boiling that rapidly increased the bulk specific volume of the 
coolant. T h e  rapid increase in volume caused a pressure surge to both 
the upstream and downstream coolant control valves, resulting in a sudden 
reduction in coolant flow. This type of pressure surge is commonly found 
with cryogenic fluids under somewhat different conditions (Reference 24) . 
Oscillations in the measured coolant flow indicate that the pressure surge 
may have initiated coolant flow instability during this time. The  oscilla- 
tions ceased in approximately 0.5 second. The  decrease in coolant pressure 
drop during this time (start +1 .3  sec to start +1.8 sec) indicates this to 
be the time of burnout. The  large fraction of the coolant flow which was 
diverted through holes in the tubes caused the coolant inlet pressure dif- 
ferential to decrease to approximately 25y0 of the pre-start value. 
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An inherent problem in regenerative cooling with butene-1, or any 
low hydrogen-to-carbon ratio hydrocarbon fuel, is variation in circum- 
ferential heat flux. Circumferential variations occur to some extent with 
any combination of propellants. This variation is caused by circumferential 
variations in the mixture ratio of the gases in contact with the wall and 
local variations in the radiation and turbulence level. These factors affect 
heat flux directly and for hydrocarbon fuels they can also affect the thickness 
of the carbon buildup on the wall. For hydrocarbon fuels with flox, partic- 
ularly low hydrogen-to-carbon ratio hydrocarbon fuels, the effect of carbon 
deposition on the walls can have a much greater effect on the local heat 
transfer rate than the other factors listed. Thus, for similar injectors, flox/ 
hydrocarbon combinations would be expected to have larger variations 
in circumferential heat flux than nonhydrocarbon fuels, and flox/butene-1 
would be expected to produce higher variations in circumferential heat 
flux than flox/methane. Figure VIII-3 compares the circumferential tem- 
perature prcfiks for f!cx/buter,e 1 and f ! m  / /methine xLAc-LLLLL*’ using the same in- 
jector at the same equivalence ratio. Propellant inlet velocities for the 
two tests are also nearly the same because the difference in density between 
the two fuels compensates for the difference in fuel mass flow rate. T h e  
relative variation in circumferential temperature rise is much larger for the 
butene-1 tests, even though the fuel flow through the Rigimesh, hence 
the amount of film cooling is greater with butene-1. At higher equivalence 
ratios the circumferential variations increase for both fuels but is always 
higher for flox/butene-1. As equivalence ratios approach 1 .O, oxidizer 
rich streaks occur which completely eliminate the carbon layer and produce 
heat fluxes that in some cases exceed values predicted from the 
method. 

Note: Temperature  Rise Taken 0 B u t e n e - 1  ( T e s t  No. 70) 
4.0 Seconds From S t a r t  400 

of T e s t  Methane ( T e s t  No. 7UA) 

500 
Temperature R i s e ,  OR 

Figure VIII-3.  Comparison of Methane and Butene-I Trmperature  Profiles with 
Injector R(IC)  
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It is not known how much the excessive fuel pressure drops may have 
adversely affected the coolant distribution and circumferential heat flux, 
or how much circumferential heat flux variations may have contributed 
to the coolant pressure surge. At this point it can only be concluded that 
for successful regenerative cooling circumferential heat flux variations 
and coolant pressure surge effects should be minimized. 

In both of these tests the majority of the chamber tubes operated 
without damage for the full 10 seconds (8 seconds with reduced coolant 
flow). T h e  satisfactory cooling of these tubes (and the damaged tubes 
in areas somewhat downstream of the injector) indicate that regenerative 
cooling with butene-l can be accomplished with injectors designed to 
produce uniform circumferential heat flux. 

B. PERFORMANCE 

Tables VIII-1 and VIII-2 present measured and calculated performance 
data for the regeneratively cooled tests. Performance data were reduced 
using the methods outlined in Appendix A. T h e  propellant flow rates 
include the fuel flow that was injected through the burned areas of the 
coolant tubes. This leakage flow was determined by subtracting the jacket 
discharge flow rate from the coolant flow rate measured upstream of the 
jacket inlet. T h e  discharge flow was estimated as a function of time from 
the recorded discharge valve position, jacket discharge temperature, jacket 
discharge pressure, and the known flow characteristics of the valve. 

C. COOLING RESULTS 

Although in both of these tests almost half of the coolant flow was 
diverted into the conibustion chamber through the burned areas, which 
occurred during the first two seconds of the firing, the majority of the 
tubes and the remainder of the burned tubes were effectively cooled for 
the remaining eight seconds. This indicates that regenerative cooling 
with butene-1 can be achieved; however, extreme care must be exercised 
to eliminate high heat flux areas caused by nonuniform injector patterns. 
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TABLE VIII-3. EXPERIMENTAL AND THEORETICAL HEAT TRANSFER 
RATES FOR REGENERATIVE TESTS 

Test  Experimental  Theore t  i c a  1 ( “easured )total ,  ( “easured ) , ( Qmeasured ) No. Heat T rans fe r  Heat T rans fe r  
Ra te ,  Btu /sec  Ra te ,  Btu /sec  Q t h e o r e t i c a l  Q t h e o r e t i c a l  chamber Qtheore  t i c a l  nozzle 

% % % 

1R 504 

2R 550 

1630 

1570 

3 1  

35 

3 9  

41 

100 

Table VIII-3 compares the estimated heat transfer rates for these 
tests with those predicted by the Bartz short form. The  overall heat 
transfer rate and the chamber-nozzle heat transfer split measured in the 
uncooled tests were used to estimate the amount of heat transferred to 
the chamber and nozzle. By this estimation method, the chamber heat trans- 
fer rate was approximately 40y0 of the Bartz prediction, which compares 
to the reduction measured in the uncooled tests with this injector. This 
substantiates the calculation method and indicates that the nozzle heat 
transfer rate was approximately 30% of the Bartz value. Analytical calcu- 
lations using these percentages of the Bartz predictions verify that regenera- 
tive cooling with nucleate boiling butene-1 can be achieved at the 5000-lb 
thrust level. 
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SECTION IX 

PREDICTED PERFORMANCE OF FLOX/LIGHT 
HYDROCARBON PROPELLANTS 

A. THEORETICAL PERFORMANCE 

T h e  theoretical performance o f  most bipropellant combinations is 
commonly expressed as a function of mixture ratio. FYhen evaluating flox 
mixtures with hydrocarbon fuels, the percentage of fluorine in the oxidizer 
is an additional variable that must be optimized for maximum specific 
impulse. Because oxygen releases more energy than fluorine with carbon, 
and fluorine releases more energy with hydrogen, the optimum fluorine 
concentration for these fuels is sharply defined and occurs at less than 100% 
fluorine. T h e  optimum flox mixture for each hydrocarbon can be deter- 
mined by balancing the carl>on and oxygen to form CO and the hydrogen 
and fluorine to form HF. ITsing methane for example, the stoichiometric 
equation is: 

CH, + io., + 2FF.,- CO + 4HF 

In this equation the relative mole ratio of fluorine to oxygen is four to one 
or  82.6% fluorine by weight. Theoretical shifting equilibrium calculations 
verify 82.S70 as the fluorine concentration for maximum specific impulse. 
Similar stoichiometric equations can accurately predict the optimum flox 
concentration for any hydrocarbon fuel. 

Figure IX-I presents the theoretical vacuum specific impulse for 
methane, propane, and butene-1 with the optimum flox concentrations for 
each. Inlet conditions are liquid flox at its normal boiling point and liquid 
fuel at 180"R. It is assumed that the fuels would be stored at approximately 
this temperature to reduce heat transfer between the fuel and oxidizer and 
also to increase their liquid heat capacity and hence their cooling ability. 
Figure IX-2 shows the effect of area ratio on theoretical performance. This 
relationship is applicable to the range of data presented in this report and 
can be used to extrapolate the delivered performance shown in this section 
(for area ratio = 40) to other area ratios. As area ratio increases, nozzle 
efficiency (nonequilibrium effects and friction losses) may be reduced 
slightly; however, this effect is predicted to be less than 0.5% over an area 
ratio range of 40 to 100. 

B. PERFORMANCE LOSSES 

Several sources of performance loss must be considered when estimating 
deliverable vacuum specific impulse. Theoretical shifting equilibrium 
vacuum specific impulse must be corrected for combustion inefficiency, 
nozzle friction and divergence, and chemical nonequilibrium expansion. 
For transpiration-cooled engines an additional effect is encountered from 
mixing between coolant and combustion products. 
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Figure IX-3 presents characteristic velocity efficiency determined from 
the highest performance injectors used in this program for flox/methane, 
flox/propane, and flox/butene-1 . Also shown on these figures are curves 
showing the efficiencies that now appear readily attainable with moderate 
injector development. At the low mixture ratios a minimum increase of 1 
to 2y0 should be achieved during a normal development program. Because 
mixing is more critical at the theoretical optimum mixture ratio than at 
lower values, larger improvements of 2 to 3y0 can be expected in this area 
with injectors having increased interelement mixing. T h e  predicted effi- 
ciency curves indicate a 2.5y0 improvement for methane and butene-1 at 
their respective theoretical optimum mixture ratios. T h e  predicted increase 
for propane is higher, 3.5y0, because testing with this fuel was discontinued 
early in the test program, hence injector development was not as advanced. 
At the optimum mixture ratios the predicted efficiencies are: methane - 
95%, propane - 96%, and butene-1 - 97%. It is expected that higher 
efficiencies xi!! be easier tc achieve with propane and butene-] hecause (1) 
they optimize at lower mixture ratios where equal changes in fuel concen- 
tration do not produce such extreme variations in mixture ratio as with 
methane and because (2) transpiration cooling of the injector face is not a 
requirement. 

Nozzle friction and divergence losses are accounted for by the stream 
thrust coefficient, C‘,. Based on a minimum surface area bell nozzle having 
an area ratio of 40, C’, was calculated to be 0.973 for the three flox/light 
hydrocarbon combinations tested, over the range of mixture ratios of 
interest. The  value of C’, was calculated using the method of characterstics 
including the effects of wall friction as presented in Reference 25. Values 
of C’, calculated by this method have proved to be quite accurate in 
numerous research and development programs. 

Chemical nonequilibrium expansion in a rocket nozzle results in a per- 
formance loss that may be included by means of a nozzle kinetic efficiency, 
qk. Figure IX-4 presents nozzle kinetic efficiencies for methane, propane, 
and butene-1 with their respective optimum €lox percentages, at thrust levels 
from 3,000 to 20,000 pounds. Kinetic efficiencies at the 5000-pound thrust 
level for methane and butene-1 were determined from uncooled altitude 
test data. Since the flox/propane combination was not tested in a high- 
expansion-ratio nozzle it was assumed to have a kinetic efficiency between 
methane and butene-1 at equal equivalence ratios. Kinetic efficiencies at 
thrust levels other than 5000 pounds were obtained by correcting theoretical 
Bray sudden-freeze point predictions by the ratio of the measured-to- 
predicted loss at the 5000-pound thrust level. This is a rather crude approach 
to scaling of kinetic data and is justified only because the kinetic losses, and 
the variation of kinetic loss with thrust, are both small. Figure IX-5 shows 
the predicted variation in qk estimated for throttled operation. 
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For thrust chambers that do not use mass transfer cooling, the delivered 
vacuum impulse is calciilated as: 

S * ' 7 , * I  va c 
= qc* c '  va c 

I 

For chambers employing mass transfer cooling, several methods have 
been investigated for correction of theoretical performance for incomplete 
coolant mixing. T h e  maximum loss can be estimated by calculating a 
specific impulse assuming zero mixing between the mainstream and coolant. 
T h e  predicted no-mixing specific impulse is calculated by equation A-42 
(Appendix A) using corrections for combustion and kinetic efficiencies 
based on the injector mixture ratio. As shown in Section VII, significant 
mixing of the coolant and injector propellants does occur. In  fact, a t  low 
engine mixture ratios, test results have shown higher performance in 
transpiration cooled chambers than in uncooled chambers, i.e., apparently 
coolant mixing is causing recovery of some injector performance losses. 
T h e  amount of mixing and its effect on performance will depend on several 
factors, including the combustion efficiency, injector mixture ratio distri- 
bution, chamber configuration, amount of coolant and the thrust level. 
T h e  effect of these factors is impossible to assess without experimental data 
at conditions close to those being considered. Therefore, in this report, 
performance estimates with transpiration cooling for flox/methane and 
flox/propane are limited to the 5000-pound thrust level. I t  is expected that 
for the level of injector efficiencies shown in figure 1x3, increased mixing 
at low thrust will compensate for the reduced percentage of coolant flow 
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at higher thrust, so that the performance will not vary significantly between 
3,000 and 20,000 lb,. For appreciably higher injector efficiencies, the 
performance increase due to coolant-injector flow mixing would be reduced. 
Under these conditions, vacuum specific impulse would decrease slightly 
as thrust is reduced and the required weight fraction of coolant is increased. 
However, if the mixture ratio is optimized, the percent reduction in 
transpiration cooling should never exceed more than 50y0 of the percent of 
propellant used for cooling, as predicted in figure IX-IO. 

C. PREDICTED ENGINE PERFORMANCE 

Two levels of performance were calculated for each fuel: the first was 
based on efficiencies measured in the test program: the second was based on 
the efficiencies predicted with moderate additional injector development. 
All performance estimates are for a 100-psia chamber pressure and a nozzle 
expansion ratio of 40. The  cooling methods and design considerations 
affecting each of these three flox/light hydrocarbon combinations are 
detailed in the following paragraphs. 

I .  FLOXIBUTENE-I 

The  flox/butene-1 performance estimates were based on the use of 
regeneratively cooled chambers and nozzles. Figure IX-6 shows the estimated 
performance as a function of thrust level and mixture ratio. In  estimating 
the thrust chamber cooling requirements, 35y0 of the Bartz predicted heat 
flux was used throughout. This is approximately equal to the percentage 
measured in the uncooled chamber and is slightly higher than the 25y0 
measured in the uncooled nozzle. With this percentage of the Bartz heat 
flux, all engines in the 3,000 to 20,000-pound thrust range were satisfactorily 
cooled at the optimum mixture ratio of 3.85. With throttling it is necessary 
to operate at reduced mixture ratios as the thrust level was decreased, as 
shown in figure IX-7. This was required to increase the coolant flow rate 
to maintain the coolant exit temperature below the saturation point (bulk 
boiling) at the 150-psia jacket exit pressure. Under Contract NAS3-4195 
the feasibility of film boiling was demonstrated: however, chamber cooling 
with bulk boiling has not been established and presents several potential 
problems. Flow stability with bulk boiling is a potential problem, pressure 
drops with bulk boiling could be excessively high, and injector problems 
could be encountered with two-phase flow. All points shown on these curves 
that are at mixture ratios below 3,85 are shown as dotted lines and the 
operating mixture ratio indicated on the curve. The  use of a radiation- 
cooled nozzle would eliminate the need for any mixture ratio shifts and 
would provide slightly higher performance at  reduced thrust levels. 
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Figure I X - 7 .  Predicted FloxlButene-1 Performance W i t h  Throttl ing 
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2. FLOXIMETHANE 

Figure IX-8 shows the measured and predicted vacuum specific impulse 
for transpiration-cooling using flox/methane at 5000-pounds thrust. The  
lower curve is based on the measured vacuum specific impulse data taken 
from Section VI1 (figure VII-3). Because of the difficulty in estimating the 
effect of mixing on performance, the predicted performance with additional 
development is conservatively based on efficiencies measured in sea level 
tests rather than the “predicted” rlCx data presented in figure IX-3. Mixing 
improvements are based on Task V test results as shown in figure VII-6. 
Figure IX-9 shows predicted engine performance over a 1 O-to-1 throttling 
range. 

Figure IX-10 shows transpiration-cooling-flow requirements for flox/ 
methane a t  several additional thrust levels. These flows are based on the 
use of a transpiration-cooled chamber with a radiation-cooled nozzle. T h e  
radiation-cooled nozzle attachment area ratios were determined using a 
maximum wall temperature of 2460”R based on heat fluxes corrected for 
transpiration-coolant carryover comparable to that measured. Radiation 
skirt attachment area ratios varied from 7.9 at 20,000-pound thrust to 9.5 at 
the 3000-pound thrust level. Transpiration-cooling requirements were 
calculated using 1 0 0 ~ o  of the Bartz predicted heat flux and a chamber 
wall temperature of 21GO”R. At 5000-pounds thrust, the use of a completely 
transpiration-cooled nozzle would reduce performance less than 1 yo from 
that shown. Because of the narrow liquid range of methane, negligible 
performance gains would be obtained by the use of a partially regeneratively 
cooled nozzle. 

3 .  FLOXIPROPANE 

Flox/propane performance at 5000-pounds thrust was predicted based 
on regenerative cooling of the nozzle and chamber up  to the point at  
which propane reached its saturation temperature (150-psia jacket pressure). 
The  remainder of the chamber was transpiration cooled. Using soy0 of 
the Bartz film coefficients in the nozzle and 45y0 in the chamber, regenera- 
tive cooling was possible throughout the nozzle and in approximately 65% 
of the chamber. This reduction in the chamber Bartz coefficients compares 
to that measured in the sea level tests. T h e  50% reduction in the nozzle 
was interpolated from data with the other two fuels. Based on 1 0 0 ~ o  of the 
Bartz heat flux and a 2160”R wall temperature in the transpiration-cooled 
section, it was determined that 2% of the propellant was required for 
transpiration cooling. The  performance data shown in figure IX-11 are 
based on the estimated combustion efficiency for a developed injector, but 
do not include any recovery due to transpiration-coolant mixing. This is 
probably slightly conservative; however, characteristic velocity data with 
propane transpiration cooling in Contract NAS3-4195 (Reference 1) indi- ’ 
cated that propane losses would be greater than with methane at equal 
percentages of coolant flow. 
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-- 

I / I 

Figure ZX-8. FloxlMethane Performance W i t h  Transpiration-Cooling DF 54551 
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Figure 1x9. Predicted Flox/Mcthnne Performance W i t h  Throttl ing 
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Figure ZX-IO. FloxlMelhane Transpiration-Cooling Flow Requirements  
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Thrust Area Chamber Ratio = Pressure 5,000 = 40 l b f  = 1 100 psia 

Cooling - Nozzle and Chamber Regeneratively Cooled to 
Coolant Saturated Point ;  Remainder o t  Chamber 
Transpirat ion Cooled 

0 3.0 3.5 4.0 4.5 

- -  ENGINE MIXTURE RATIO, r eng 

Figure IX-11. Predicted FloxlPropane Performance DF 54554 

With the reductions in heat transfer rates estimated above, the use of 
a radiation-cooled skirt would allow regenerative cooling of the complete 
chamber for engines with thrust levels above approximately 10,000 pounds. 
Full thrust performance would be close to that shown for butene-1; however, 
throttling ranges would be limited without mixture ratio reductions. In 
the throttled mode this would reduce the performance below that of 
butene-1. 

D. RANGE OF APPLICABILITY 

On the basis of these data it is concluded that: (1) methane-transpiration 
cooling is feasible and yields the highest performance of the flox/light 
hydrocarbon fuels, (2) a regeneratively cooled butene-1 engine is. possible 
to thrust levels below 3000 pounds and offers performance close to methane, 
and (3) propane does not offer any performance advantages over either 
methane or butene-1 , except in unthrottlrd engines above 10,000-pounds 
thrust. 
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APPENDIX A 

DATA REDUCTION AND PERFORMANCE CALCULATIONS 

I 

1 .  DATA REDUCTION PROCEDURES 

A .  UNCOOLEL) ,SEA L E V E L  TESTS 

Three computer programs were used for reducing data obtained 
during the uncooled Task I1 tests. T h e  first program operated on the 
digital tape recordings made during test firings and converted instrumen- 
tation signals into engineering parameters in convenient units. In addition 
to reducing the stand tape, this program used some of the recorded 
parameters to calculate propellant flow rates and approximate heat loss 
to the chamber wall. T h e  approximate heat loss was estimated by com- 
paring the predicted temperature rise with the actual temperature rise of 
several of the thermocouples located on the chamber. Also, within this 
program, the parameters to be used in the performance calculations were 
weraged every eight 0.0125-sec scans tu provide an average value €or each 
0.10-sec interval. T h e  parameters* averaged were: 

Chamber p r e s s u r e ,  p s i a  
C 

P 
i 

T h r u s t ,  l b f  Fi 

i wf 

0 
W 

i 

F u e l  f low parameter,  l b  pf 
4- 

l b  Oxid izer  f low parameter ,  
s e c K  

F u e l  i n j e c t o r  i n l e t  t empera ture ,  O R  
Tf 

O x i d i z e r  i n j e c t o r  i n l e t  tempera ture ,  OR 

F u e l  o r i f i c e  temperature ,  O R  

Oxidizer  o r i f i c e  tempera ture ,  O R  

TO 

Tf 
0 

0 
T 

0 

T h e  second program used the above data as input for calculating the 
chamber performance parameters for each 0.1-sec interval. Redundant 
measurements were averaged to provide high measurement accuracy. If 
one of the values recorded for each parameter was in error it was omitted 
from the averages. T h e  oxidizer flow rate was calculated by: 

J. L 

2 
Q =  
0 

*A complete list of symbols used in this Appendix is given in Paragraph 3. 
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I The  thrust coefficient was calculated from test data as follows: 

Where p o  was determined from curve fits of oxygen and fluorine density 
data taken from References 1 and 2* using the known flox concentration, 
the assumption of an ideal solution, and the measured flox flow nozzle 
temperature. Fuel flow rate was calculated in the same manner using the 
measured fuel orifice temperature and curve fits of fuel density (References 
3 and 4). 

I where the prime denotes a theoretical value. 

F - -  
'F - At pc 

(A-2) 

For these tests, A, was calculated from a RMS average throat diameter 
measured during each build of the engine. Nominal chamber throat 
diameter was 5.98 inches. 

T h e  experimental thrust coefficient was compared to a theoretical 
value calculated as follows: 

' e  'a 

C 
P c; = c; 

vac (A-3) 

Using P, = 14.696 psia and E, = 1.98: 
- 1.98 (14.696) 

P C (A-4) 
= c; 

sl vac c; 

T h e  value of C, may be corrected for nozzle frictional and divergence 
losses through use of a calculated stream thrust coefficient efficiency, 

c va c c- = n l  
(-4-5) 

b 

vac LF 

For a nozzle with a 15-deg half angle and an area ratio of 1.98, C, was 
calculated to be 0.9722 for all propellant combinations used in this program. 
These calculations were based on the method of characteristics, including 
effects of wall friction (Reference 5 )  . Values of C, calculated by this method 
have proved to be quite accurate in numerous research and development 
programs. 

Thus :  
(A-6) 

1.98 (14.696) 
C '  = 0.9722 Ci - 

F (C, ) vac pC 

Experimental characteristic exhaust velocity was calculated in two ways: 

P 
At go c c*p = G 

C P 

(A-7) 

*References used in this Appendix are listed in Paragraph 4. 
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The  subscript P,. is used to denote that c" has been calculated from chamber 
pressure. For comparison, c" may also be calculated from thrust measure- 
ments by assuming that a theoretical C, corrected for nozzle divergence 
and friction losses (equation (A-6) ) is an accurate estimate of the experi- 

Equation (A-6) indicates that small changes in P, have a negligible effect 
on C,' making c" almost directly proportional to thrust. Hence, comparison 
of c X F  and c * ~ ,  provided a check on the consistency of the thrust and 
chamber pressure measurements. 

Theoretical vacuum specific impulse, characteristic exhaust velocity, 
and vacuum thrust coefficient were calculated in theoretical performance 
programs using thermochemical data published by the Joint Army-Navy-Air 
Fmce (JANAF) Thermochemical Pane!. Theoretical shifting equilibrium 
performance data from the performance programs were stored in the data 
reduction program in tabular form. T h e  theoretical data used for com- 
parison with measured data were based on the propellant inlet conditions 
measured during each test. Theoretical data calculated using inlet con- 
ditions corresponding to liquid fuel at its normal boiling point and liquid 
flox at 155"R were corrected to the actual inlet conditions by determining 
the changes in enthalpy between the measured and reference conditions. 

Aho = (To - 155)  c 
PO 

(A-9) 

(A-10) 

Qf Ahf + Go Aho 
Ahp - - (A-11) 

0 f + co 
where: 

T = Temperature of t h e  f u e l  a t  t h e  normal b o i l i n g  p o i n t ,  OR 

C = Average c o n s t a n t  p r e s s u r e  s p e c i f i c  h e a t  of f u e l ,  B t u f l b  - O R  

C = Average c o n s t a n t  p r e s s u r e  s p e c i f i c  h e a t  of o x i d i z e r ,  

nb P 

p f 

P O  B t u f l b  - "R. 

For calculating theoretical sea level specific impulse: 
P A  

(A- 12) 

- - At pc go (A- 13) 
C* 

c 
P 

Pa ce c'.* '* 
- - 0,9044 (A-14) 

I;ac - go pc - %ac C 
Isl' = 
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T h e  following efficiencies were then calculated: 

P C* 
~ 

C = -  
'IC*PC C* I 

cF 

c F t  
- -  - 'I 

cF 

These values were calculated neglecting heat loss to the chamber 
walls and using the chamber pressure measured as a static value at the 
injector face. In  a noncombustion situation, this would be very close to 
the total pressure because the velocity is low at this point. There is, however, 
a loss in total pressure (momentum loss) due to heat addition, Le., com- 
bustion, at a finite velocity. Estimates of momentum loss were made over 
the range of mixture ratios and chamber pressures of interest. It was deter- 
mined that the total pressure after burning may be found with sufficient 
accuracy from: 

PT = 0.974 P 
C (A-15) 

T h e  propellant inlet enthalpy can be adjusted for heat transferred to 
the chamber by determining the enthalpy change from the standard con- 
ditions: 

(A-16) 

T h e  efficiencies that follow were then calculated using theoretical 
and experimental values corrected for momentum loss by replacing P, 
with P, in all calculations, basing the theoretical values on corrected en- 
thalpy, and correcting C, for nozzle divergence and friction effects through 
the use of C,. The  values and C, are also corrected for thermal 
expansion of the nozzle throat as shown in  figure A-1. In  determining the 
thermal correction, wall temperature was taken at the mean time of the 
increment used for the averaged data. 

* - P c ( c o r )  - 'I* c*I ( c o r )  

F ( co r )  C* 

c*I ( c o r )  

P c ( c o r >  

- - 
F ( c o r )  qC* 
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T 

Values of ' T ] ~ ~ ( , . < , ~ )  near 1.0 indicate that the corrected C,' used for calculating 
was valid. 

1.020 

1.016 I 

r( 1.012 
4 2 

1 .om 

500 700 900 1100 1300 1500 
THROAT TEMPERATURE - OR 

Figure A-1 .  Incrense in Throat Area Due to Temperature Increase FD 19783 

All performance values (calculated for every 0.1-sec interval) were 
printed and stored on magnetic tape. T h e  printed data were then reviewed 
to determine the steady-state portion of the test. A third program was 
then used to average the data over a requested time increment using the 
data previously stored on tape. 

B .  UNCOOLED ALTITUDE TESTS 

The  programs used in analyzing the uncooled altitude data are very 
similar to those used in the sea level analysis (subparagraph A). The  first 
program uses the stand tape to calculate the same values as the sea level 
program with the addition of diffuser-half-shell pressure, HSP (i), and an 
approximate nozzle heat transfer rate, qn. The  performance calculations 
are the same as those used for uncooled sea level tests except for the follow- 
ing changes and additions. An average diffuser pressure is calculated from 
test data: 

- HSP(1) + HSP(2) + HSP(3) + HSP(4) 
4 - 

(A-17) 
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The measured thrust in the diffuser is corrected to vacuum thrust 
using figure A-2. 

27.360 in. I 31.809 in. --t 31.109 in. 
Diameter 

I +  
I Diameter 

I I  I I A  Diffuser Band 

Diffuser 1 

Figure A - 2 .  Diffuser and Chamber Schematic FD 144604 

The vacuum thrust calculation is as follows: 
2 A1 = Pro jec t ed  a r e a  of d i f f u s e r  band = 587.5 i n .  

2 
A = Pro jec t ed  a r e a  of exit = 1119.8 in. e 

= AVe + P,Ae - PaAl - P (A -A ) 

= &Ve + P A vac e e  

- 'aAl d e 1 = F  
measured vac 

vac me a s  ured 

va c me as  ured 

Frne a s u red 

F 

F 

F 

F 

d e l  

- P (A -A ) 

= F  + + 'd (Ae-A1> 

= F  + Pa(587.5)  + Pd(532.3)  

The thrust coefficient and vacuum specific impulse are: : 

vac F 
- -  - 

vac At pc cF 

vac 
F 

G + 8  
- - 

vat 
I 

f 0 

(A-18) 

(A-19) 

(A-20) 

Characteristic exhaust velocity was calculated from thrust as follows: 

(A-2 1) 

where: 
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The following efficiencies were then determined: 
C +; 

C 
P 

- -  - qc+; ci’i 

C 9; 
C 

P 

F - -  - qc‘; c+; 1 

F 
T L 
va c 

vac vac 
- -  - 

I’ 

vac 

vac vac 

- rl - 
cFl cF 

Corrections for momentum and heat losses were made using the same 
methods as used in the uncooled sea level data reduction program except 
that theoretical vacuum specific iiripuise and characteristic cxhaus: vel~c i ty  
were corrected using different enthalpy changes. 

In  calculating c*’ the enthalpy change is given by: 

‘ch 
A h p  ( co r )  = Ahp - a. + fif (A-22) 

where pel, is the heat transferred to the chamber. I’,,, was calculated using 
the enthalpy correction 

- ‘n + ‘ch 
- * h p - +  + 8  Ahp ( co r )  o f  

where q, is the heat transferred to the nozzle. 

T h e  following efficiencies are defined: 

C*D L - c (cor )  - 
(cor)  

F (cor) 

%* C* ‘ 

VC* 

‘c ( co r )  

C* 

C* ‘ - - 
(cor)  F ( co r )  

T 
J. vac - - rl 

Ivac  ( co r )  I ’ v a c  ( co r )  

vac cF 
- - 

‘)c “ F ( c o r )  
Fvac ( co r )  

(A-2 3) 
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C .  REGENERATIVE COOLING ALTITUDE TESTS 

Performance calculations for these tests were identical to those used 
in the uncooled altitude tests. Theoretical performance values were based 
on the measured injector inlet temperatures. Heat loss to the coolant (per 
pound of propellant) was used to calculate the heat loss correction to I',.,, 
and was calculated from: 

G c (Tin - Tout> 
c P, 

L 

Q + Q  Ahc = 
o f  

(A-24) 

where T,, and To,,t are coolant jacket inlet and outlet temperatures. T h e  
fraction of heat transferred to the chamber was estimated from uncooled 
chamber data and used to  determine the heat loss corrections to c*'. 

- - 'ch' Ahc 

'ch a' + 'ch' 
(A-25) 

where the prime indicates heat transfer rates calculated using uncooled 
chamber and nozzle data. 

L)  . T R A NSPI K A TI 0 N C 0 0 L ED A L TI T U D  E T E S TS 

Three computer programs were used to reduce data from the trans- 
piration cooled tests. The  program that operates on the stand data tape is 
identical to the uncooled altitude program with the following additions: 

l b  
&- Chamber c o o l a n t  f low parameter ,  'ci 

Chamber c o o l a n t  manifold p r e s s u r e ,  p s i a  

Chamber c o o l a n t  segment p r e s s u r e  ( i  = 1 t o  S), p s i a  

Chamber c o o l a n t  mani fo ld  t empera tu re ,  OR 

Chamber c o o l a n t  o r i f i c e  t empera tu re ,  O R  

c m  P 
i 

'cs (i) 

TC 

C 
T 

0 

The performance program uses the above data as input to complete 
the data reduction. This program is the same as that used in the uncooled 
altitude performance calculations except for the following changes and 
additions : 

Chamber coolant flow was calculated by: 

( WCl & + 'c 2 "> 
2 

(A-26) 
f i =  

C 

Where p,. is the coolant density calculated from curve fits of coolant density 
and the chamber coolant orifice temperature. 

A-8 



Pratt & Whitney Qircraft 
PWA FR-2227 

Flow through the individual chamber segments was calculated ;is 

follows: 

Where wnrg.(i, is the flow through each segment 

A = a r e a  of meter ing o r i f i c e  

C = d i s c h a r g e  c o e f f i c i e n t  f o r  t h e  meter ing  o r i f i c e  

P = t h e  average  chamber c o o l a n t  manifold p r e s s u r e  

'cs(i> 

D 

c m  
= p r e s s u r e  i n  each segment downstream of t h e  

meter ing  o r i f i c e  

Inaccuracies arising from the large number of pressures and discharge 
coefficients involved were then minimized by correcting the individual flow 
rates from equation (A-27) by a constant to produce the same total coolant 
flow as equation (A-26) . 

Mixture ratios are given by: 
G 

0 - -  - 
f 8 r i n  j 

where rinj is the mixture ratio of the injector 

chamber Gf + G 
0 

G 
- - r 

C U P  

(A-28) 

(A-29) 

where rehambe= is the mixture ratio upstream of the throat and Wrllp is the 
coolant flow through the segments upstream of the throat. 

ir 
(A-30) 

where reng is mixture ratio of the engine. 

T h e  theoretical performance data used for comparison with measured 
data were based on a propellant enthalpy assuming liquid fuel and liquid 
coolant at the normal boiling point and liquid oxidizer at 155"R. To 
correct the theoretical values to correspond to the actual propellant inlet 
conditions, the changes in fuel and oxidizer enthalpy were calculated from 
equations A-9 and A-10 and the change in coolant enthalpy was calculated 

and: 
GoAho + G#hf + GcAhc 

8 + Gf + Gc Ah = 
P 0 

BoAho + G p h f  + QcupAhc 

8 + Q f + Q  
0 C U P  

Ahpup= 

(A-3 1) 

(A-32) 
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where Ah,,,, is change in enthalpy of the propellants upstream of the throat. 
Theoretical I,.,, is calculated at the engine mixture ratio, equation (A-30), 
using Ah, to correct for enthalpy changes in the chamber and the nozzle. 
Theoretical cx is calculated at the chamber mixture ratio, equation (A-29), 
using Ah,,,, to correct for enthalpy changes in the chamber upstream of the 
throat. 

The  following efficiencies were then calculated: 

C* 

P C  - -  - %* C*' 

pC -r 
J. vac 

vac vac 
- -  
- I' 

To correct theoretical vacuum specific impulse for heat loss to the 
nozzle the enthalpy was adjusted as follows: 

q* 
= Ah p - 9  + 9 * + 8  (A-33) 

A h p  ( co r )  0 C 

T h e  efficiencies shown below were then calculated using theoretical 
and experimental values corrected for momentum loss by replacing P,. with 
P, in all calculations and correcting for nozzle heat loss. 

C* 

- 'c ( co r )  - 
r lCJrn  c*' (cor )  

r 
c ( co r )  

vac I 
- - rl 

Ivac  ( co r )  I:ac ( c o r )  

'F ( c o r )  

'F ( co r )  % ( c o r )  
- rl - 

An additional characteristic velocity efficiency, qc*, was calculated 
using a characteristic velocity based on the total propellant flow rate 
(io + if + Wr) and the corrected chamber pressure (PT). This was 

ratioed to a theoretical c* calculated at the engine mixture ratio, equation 
(A-30) . This parameter and the vacuum thrust coefficient efficiency, 

r)CFvac(cor), are useful for predicting vacuum specific impulse efficiency: 

= '1, %* 
vac Fvac ( c o r )  

III (A-34) 

A predicted characteristic exhaust velocity (c*) was calculated for 
each transpiration cooled test assuming no mixing between the transpiring 
coolant and the injector propellant stream. It was also assumed that there 
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was no intermixing of the coolant streams from the dif tcrent wgiiicnts. 
A theoretical c* was calculated for the mainstream propellants at the niain- 
stream throat total pressure and injector mixture ratio. Next, the coolant 
from each of the six upstream segments was expanded adiabatically to  the 
mainstream throat m t i c  pressure by use of the following cquation. 

- k (A-35) 
P k-1 

where: 
P =  
C 

- 
Pt - 

Tw ( i  >= 

Tt (i>= 

Chamber p re s su re ,  p s i a  

Throa t  p re s su re ,  p s i a  

Coolant  chamber w a l l  t empera ture  of t h e  segment, p s i a  

Coolant  s t ream t h r o a t  tempera ture  of t h e  i t h  
segment , ps i a  

S p e c i f i c  hea t  r a t i o  (eva lua ted  a t  t h e  average 
of t h e  coo lan t  chamber w a l l  t empera ture  and 
c o o l a n t  s t ream t h r o a t  t empera tu re )  

After iterating on equation (A-35) to obtain a correct average specific heat 
ratio, a throat area was determined: 

6 

i=l 
AT = A + At(i> (A-36) m.t.  

where: 

and c*’ and ~ c *  are 1)ased on the injector mixture ratio. A c* predicted is 

‘ c  AT go 
then defined: 

- C ;r; - 
pred G i n j  + f i  . (A-37) 

i=l 
A predicted vacuum specific impulse was also calculated assuming no 

mixing of the coolant streams with each other or with the mainstream gases. 
T h e  mainstream exhaust gases were expanded adiabatically to a series o f  
exhaust pressures, at which the specific impulse and area were calculated. 
T h e  coolant flow from each segment was also adiabatically expanded from 
the coolant chamber wall temperature and pressure to the same series o€ 
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exhaust pressures. Using an average value of k velocity, area, and specific 
impulse were calculated for each coolant stream as follows: 

(A-39) 

(A-40) 

For those segments upstream of the throat, coolant stream areas were calcu- 
lated at the mainstream throat pressure. An area ratio was then calculated 
for each exhaust pressure by: 

8 

(A-41) 

T h e  predicted vacuum specific impulse is then: 
8 8 

where the subscript, inj, denotes quantities based on the injector mixture 
ratio and propellant flow. Plotting the results of equation (A-42) vs area 
ratio (A-41) for each exhaust pressure. the predicted impulse was obtained 
at the desired area ratio of 40. 

2. EXPERIMENTAL DATA ERROR ANALYSIS 

To validate the experimental performance data, a statistical data error 
analysis was made for two typical Task 111 - Uncooled Altitude Tests. T h e  
propellant flow path and the instrumentation configuration were similar 
for all Task I11 tests; therefore, the results of this analysis are indicative 
of the maximum errors involved in all uncooled altitude data. These 
results are also applicable to the Task V - Regenerative Cooling Altitude 
Tests, which used a similar test setup, and the characteristic exhaust 
velocity data in the Task I1 - Uncooled Sea Level Tests. T h e  propellant 
flow path and instrumentation locations are shown in figure A-3. T h e  
measured parameters that directly affect performance and their estimated 
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precision are shown i n  table A-1. ,121~0 presented are full-scale range of 
the recording instruments and a nominal value used in testing. Estimated 
precisions for each instrument were determined by the Instrumentation 
Engineering Section. This group maintains a computerized history o f  evalu- 
ations, calibratioiis and maintenance history relating to  all instrumentation 
devices (see Section IV-D) . 

Fuel  Dump Valve 

5K Thrust  Chamber 
Nozzle  Skirt 

Fuel Supply Line .I A 
Vacuum Jacketed I 

Orif ice  

Fuel 

A 

Fuel  Tank 

F l o x  Control Valve 
Flax Dump Valve 

Flox  Dewar 

Differential P r e s s u r e  Transducer 
A Temperature 
*Dynamic P r e s s u r e  Transducer 
0 Thrust 

Figure A-3. Propellnnt Flow I)ingl-nm for Uncooled Alti tude Tests FD 12834B 

Estimates of performance data accuracy were obtained by cwnibining 
the precision estimates for the individual parameters using a statistical 
variation analysis (Reference 6 ) .  Basically, the accuracy of a function 
may be estimated by combining the precisions of the independent variables 
in that function in the following manner: 

where: 

O+ = t h e  accuracy  o f  t h e  parameter  (@) 

d!#L = t h e  p a r t i a l  d e r i v a t i v e  o f  t h e  f u n c t i o n  wi th  r e s p e c t  
i t o  the  it_h v a r i a b l e  

i 

ax  

ax = t h e  p r e c i s i o n  v a l u e  a s s o c i a t e d  wi th  t h e  it& v a r i a b l e .  

For example, in calculating characteristic exhaust velocity based on chamber 
pressure 

CJr = *tgoPc 

pC P 
G 
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the error, UC#~,~*,  is given by: : 

where: 

Tables A-2 and A-3 give error estimates for performance data based on 
mixture ratios of 5.7 and 4.0, respectively. Note that the estimated errors 
in the theoretical values of c* and C, are significantly smaller for a mixture 
ratio of 4.0 than those for a mixture ratio of 5.7. This is due to a much 
smaller change in the theoretical parameters for an equal change in percent 
of fluorine at a mixture ratio of 4.0. 

T h e  error estimates given in these tables are pessimistic because they 
do not reflect the increased accuracy obtained by averaging and comparing 
redundant measurements, and they use the maximum error in flox concen- 
tration derived from a weight analysis. Flox concentrations were verified 
by chemical analysis of each mix and usually were better than the values 
shown in these tables. 
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TABLE A-'2. ACCURACY OF FLOX-METHANE UNCOOLED ALTITUDE DATA: 
MIXTURE RATIO, r = 5.7 

Cal c u l a  t i o n  

% F2 

PO 

cj 

6 

r 

0 

f 

cF 

F v a c  

pc  

CApc 

va c 

va c 

I 

I '  

c > k  1 

'Fvac 

F 
C 9c 

T)'*pc 

qC3'F 

'Iva c 

qCF 

 cor) 
'*PC ( c o r  

v a  c 

C*' 
( c o r )  

I' 
( c o r )  

( c o r )  

Nominal  
V a l u e  

82 . 6% 

8 9 . 0 9  

1 1 . 5 7  

2 . 0 2 8  

5 . 7 0  

1 . 7 8 3 6  

5000 

100.0 

6640 

3 6 7 . 8  

4 1 8 . 0  

6990 

1 . 9 2 6  

6314 

94.99% 

90.33% 

87.99% 

92.61% 

1 . 8 3 1  

6467 

6937 

4 1 6 . 7  

95 .08% 

91.02% 

8 8 . 2 6 %  

95.72% 

Bias L i m i t  (% o f  Nominal )  
C o n f i d e n c e  L e v e l  

95 ( 2 6 )  

- 0 . 6 3 7 3  

- 0 . 9 5 3 3  

- 0 . 2 4 2 0  

+O.  2427 

+o * 9533 

+o. 9533 

+ O .  6360 

+O .2447 

- 0 . 9 6 0 0  

- 0 . 6 4 0  

+O. 2453 

+1.2000 

+O. 6420 

+O. 9600 

68 (1U) 

- 0 . 3 1 8 7  

- 0 . 4 7 6 7  

- 0 . 1 2 1 0  

+O. 1213 

+0.4767 

+O .47 67 

+0.3180 

+O. 1 2 2 3  

- 0 . 4 8 0 0  

- 0 . 3 2 0 0  

+O. 1227 

+ O m  6000 

+ 0 . 3 2 1 0  

+O. 4 8 0 0  

Accuracy  (% o f  Nominal)  
C o n f i d e n c e  L e v e l  

95 ( 2 a )  

f 2.3667 

f 0 . 5 5 1 3  

k 0 . 9 0 0 0  

f 1 . 9 7 3 3  

f 2 . 1 7 3 3  

2 1 . 0 4 6 7  

5 0 . 9 9 3 3  

? 0.3287 

f 0.8867 

2 1 . 2 8 6 7  

f 0.1727 

t 1 . 2 9 3 3  

f 0.8867 

f 1 . 2 9 3 3  

f 1.2867 

2 1 , 0 6 0 0  

2 1.0467 

5 0.8867 

f 1 . 0 6 0 0  

f 1 . 2 9 3 3  

k 1.2867 

* 0.8867 

68 (la) 

t 1 . 1 8 3 3  

t 0.2756 

f 0.4500 

5 0.9867 

f 1.0867 

2 0 . 5 2 3 3  

2 0.4967 

? 0 . 1 6 4 3  

t 0 . 4 4 3 3  

f 0 . 6 4 3 3  

t 0.0863 

2 0.6467 

0 . 4 4 3 3  

* 0.6467 

t 0 . 6 4 3 3  

2 0.5300 

f 0 . 5 2 3 3  

f 0 . 4 4 3 3  

t 0 . 5 3 0 0  

? 0.6467 

f 0 . 6 4 3 3  

? 0 . 4 4 3 3  
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TABLE A-3. ACCURACY OF FLOX-METHANE UNCOOLED ALTITUDE DATA: 
MIXTURE RATIO, r = 4.0 

C a l c u l a t i o n  

r 

cF 

pC 

VI c F 

PC C* 

va  c 

va c 

I 

I '  

C*' 

Nominal 
Value  

8 2 . 6 %  

8 9 . 0 9  

1 1 . 0  

2 . 7 5  

4 . 0  

1 . 7 8 3 6  

5 0 0 0  

100 

65 65 

3 6 3 . 6  

4 0 2 . 7  

6800 

1 . 9 0 5  

6311 

96.50% 

92.81% 

90.31% 

93.63% 

1.8312 

6 3 9 4  

4 0 0 . 5  

6761 

96.13% 

93.34% 

90.7  9% 

97.10% 

B i a s  L i m i t  (% o f  Nominal) 

95 ( 2 4 )  68 (JU) 
Conf idence  L e v e l  

+o. 0827 c 0 . 0 4 1 3  

+O.  1400 + O .  0700 

- 0 . 1 3 8 0  - 0 . 0 6 9 0  

- 0 . 1 3 6 0  - 0 . 0 6 9 0  

-0.0807 - 0 . 0 4 0 3  

+O.  0827 +O. 0413 

+o. 1380 +O.  0690 

- 0 . 1 3 5 3  -0 .067 7 

- 0 . 0 8 0 7  -0 .0403 

- 0 . 1 3 7 3  -0 .0687 

Accuracy  (z o f  Nominal) 
Conf idence  Leve l  

95 ( 2 0 )  68 (1Q) 

f 2.3667 * 1 . 1 8 3 3  

2 0 , 5 5 1 3  * 0 . 2 7 5 6  

i 0 . 9 6 6 7  2 0 . 4 8 3 3  

+_ 1 . 6 2 6 7  2 0 . 8 1 3 3  

+_ 1 . 9 0 0 0  2 0 . 9 5 0 0  

* 1.0467 * 0.5233 

2 0.9933 2 0 . 4 Y 6 i  

2 0.3287 * 0 . 1 b 4 3  

* 0.9000 * 0.4500 

f 1.3067 f 0 . 6 5 3 3  

2 0 . 3 9 7 3  * 0.1987 

* 0 . 2 2 5 3  5 0.1127 

2 0 . 3 4 9 3  * 0.1747 

* 0 . 3 5 3 3  2 0.6767 

t 0 . 9 3 3 3  f 0.4667 

* 1 . 3 7 3 3  * 0.6867 

5 1.3667 rf: 0.6833 

* 1.1067 * 0.5533 

2 1.0467 2 0 . 5 2 3 3  

-I 0 . 9 0 0 0  * 0.4500 

* 0.3993 2 0.1997 

2 0.2267 +_ 0 . 1 1 3 3  

* 1.1000 2 0.5500 

* 1 . 3 7 3 3  t 0.6867 

* 1.3667 rf: 0.6833 

* 0 . 9 3 3 3  * 0.4667 
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Another possible source of error in the data arises from the chemical 
purity of the propellants. Methane was purchased as a 95% purity gas and 
was further scrubbed to remove the bulk of the CO,. Butene-1 and propane 
were purchased as pressurized liquids with 9Syo guaranteed minimum 
purities. T h e  guaranteed maximum concentrations of the diluents are 
shown in table A-4. Fluorine was purchased with a guaranteed minimum 
purity of 99%. The  maximum concentrations of the fluorine diluents are 
shown in table A-4. Increased flox concentration accuracy was obtained by 
including the oxygen diluents, for the fluorine batch being used, in the 
mixing calculations. A purity assay was received with each shipment of 
fluorine. Figure A-4 shows the effect of including the maximum impurities 
on the theoretical vacuum specific impulse. I t  can be seen that the max- 
imum error incurred through neglecting the impurities was less than 0.4y0. 
Figure A-4 also shows that most of this error is due to the methane im- 
purities. 

TABLE A-4. GUARANTEED PURITIES OF PURCHASED PROPELLANTS 

Propellant mjor specie")  

HF + CFq O2 + N2 C02 Ethane Propane Butanes Pentanes Hexanes Heptanes and 
Higher 

Fluorine 0 . 1  0 . 9  
(99% Minimum) 

W g e n  0 . 4  
(99.67. Minimum) 

He thane 0 . 7 1  0 . 1  3 . 3 2  0 . 3 9  0 . 2 3  0 . 0 8  0 .02  0 . U I  

( 9 5 . 1 4 Y .  Minimum) 

Butene-1 1 .  YO 

(98.17. Minimum) 

Propane I .04 0 . 6 6  
(98.3'1. Minimum) 

("Contaminants are given  by weight  pcrccntagcs  

4201-- 

I 
Pc = loo pia 
h F & t i 0 = 4 0  
Liauid F2 + 02 at Normal Boiling Point 

0 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 

MIXTURE RATIO, r 
Figure A-4. Effec t  of Propellant Contaminants o n  Theoretical FL, 19784 

Performance: 82.6y0 F in FloxlMethane 
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3. SYMBOLS USED IN APPENDIX A 

Ae 

At  

cF 

cF s l  
C 

P 

S 
C 

C 9: 

f e  

F 

g0 

h 

IS 

Is1 

va c 
I 

K 

'a 

C 
P 

'd 

pT 

q 

T 

r 

P 

V 

W 

G 

'I 

2 Nozzle e x i t  area,  i n .  

2 Throat  a r e a ,  i n .  

T h r u s t  c o e f f i c i e n t  

Sea l e v e l  t h r u s t  c o e f f i c i e n t  

Cons tan t  p r e s s u r e  s p e c i f i c  h e a t  , B t u / l b  O R  

Stream t h r u s t  c o e f f i c i e n t  

C h a r a c t e r i s t i c  exhaus t  v e l o c i t y ,  f t / s e c  

Ae/At  
Nozzle e x i t  t o  t h r o a t  area r a t i o ,  

T h r u s t ,  l b  

G r a v i t a t i o n a l  cons t an t  - 32.174, lb  - f t / l b  - sec  

Entha lpy  , B t u /  1 b 

S p e c i f i c  impulse a t  P 

Sea l e v e l  s p e c i f i c  impulse ,  l b  - s e c / l b m  f 

S p e c i f i c  impulse a t  P = 0 ,  l b  - s e c / l b m  a f 

Curve f i t  cons t an t  

Ambient p r e s s u r e  , p s i a  

Chamber p r e s s u r e ,  p s i a  

Half  s h e l l  p r e s s u r e ,  p s i a  

Chamber p r e s s u r e  c o r r e c t e d  f o r  momentum l o s s ,  p s i a  

Heat t r a n s f e r r e d  t o  w a l l ,  B tu /sec  

P r o p e l l a n t  i n l e t  t empera ture  , " R  

Mixture  r a t i o ,  ( o x i d i z e r / f u e l )  

3 D e n s i t y ,  l b / f t  

V e l o c i t y ,  f t l s e c  

Flow parameter ,  l b / s e c - f i  

Flow ra te ,  l b l s e c x  

E f f i c i e  ncy 

m 

2 
m f 

= P,,lbf - s e c / l b m  e 
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S u b s c r i p t s  : 

C 

ch 

CUP 

e 

i n  j 

n 

0 

f 

rn 

P 

t 

va c 

Coolant  

Chamber 

Chamber c o o l a n t  upstream of  t h r o a t  

Cor rec t ed  f o r  C 

Cor rec t ed  f o r  momentum l o s s ,  h e a t  l o s s ,  and Cs 

Exi t  

I n j e c t o r  flow 

Nozzle  

Normal b o i l i n g  p o i n t  

Ox id ize r  ( through i n j e c t o r )  

Fue l  ( th rough i n j e c t o r )  

Mainstream o r  i n j e c t o r  flow 

P r o p e l l a n t  

Throa t  

V a l u e  a t  Pa = 0 

S 
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APPENDIX B 

TRANSPIRATION COOLING FLOW ANALYSIS 

T h e  poEous chamber walls of the transpiration-cooled chamber (Section 
111, paragraph D) were constructed with a sintered multiple-layer woven 
wire sheet known under the registered trade name of Rigimesh (figure 
B-I). T h e  chamber itself was divided into eight separate segments, using 
several different Rigimesh porosities, connected to a common manifold. 
Coolant flow-metering orifices within each segment provided for the dis- 
tribution of the total coolant among the individual segments. T o  size the 
segment orifices to give the desired coolant distribution it was necessary to 
provide an accurate estimate of the coolant pressure drop across the 
Rigimesh in each segment. Due to the complex dependence of this coolant 
pressure drop on such factors as heat flux, coolant flow rate, and Rigimesh 
flow characteristics, a detailed analysis (a refinement of the analysis con- 
ducted under Contract NAS3-4 195) was conducted. 

Sid.e A 

b- 0.5 i n . d  
Figure B-I .  Rigimesh Sections 

Side B 

FD 19785 
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I .  PRESSURE DROP PKEDICTION METHOD 

T h e  pressure drop prediction method used in this analysis involved 
the solution of differential equations describing the pressure and tempera- 
ture profiles across the porous Rigimesh walls. T h e  solutions of these 
differential equations were obtained numerically through the use of an 
IBM 7090 digital computer. IJsing measured or estimated Rigimesh 
properties and flow characteristics, the coolant pressure drops were calcu- 
lated for given coolant f low rates, chamber heat fluxes, and chamber 
pressures. 

T h e  analytical model consisted of the adiabatic segment manifold and 
porous Kigimesh cham1)cr wall shown in figure B-2. Heat flux to the 
chamber wall causes the coolant to be heated as it enters the segment 
manifold and passes through the Rigimesh. As the segment is assumed to 
be insulated or adiabatic, the increase in coolant energy is equated to the 
chamber heat flux at the chamber side of the Rigimesh. Heat is transferred 
within the Rigimesh itself by means of conduction; at the chamber side 
of the Rigimesh this heat conduction can also be equated with the chamber 
heat flux.* I 

where the term (C;/p+) is the average coolant velocity at the chamber. Part 
of the heat being conducted through the Rigimesh is convectively trans- 
ferred to the coolant flowing through the Rigimesh, and is equated to the 
rate of increase in the energy content of the coolant. 

Wall Porous 1 
Cool 

Mani 

Chamber 

Segement Orifice 

Coolant Flow 

Segment Insulated 
Figure R-2.  Model  of Transpiration-Cooled Segment FD I4459A 

*Nomenclature in this appendix is presented in paragraph 4. 
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Here the assumption that the coolant is in thermal equilibrium with 
the Rigimesh appearv t o  be reasonable (Reference 1"). iVliere the coolant 
is vaporized within the Rigimesh pores, vaporization is assumed to occur 
at a point rather than over a finite distance. T h e  coolant pressure drop 
across the Rigimesh is essentially due to internal friction, with small con- 
tributions due to expansion effects and possible choking at the chamber 
side of the Rigimesh. The  pressure gradient is given by: 

T h e  coolant pressure at the chamber side of the Rigimesh is equal to 
the static chamber pressure if flow is not choked, or equal to the choking 
pressure if flow is choked. 

- 
PIx = L - Pc ( i f  n o t  choked) 

x = L  ( i f  choked) 

Where P is implicitly expressed as a function of p in the last equation, if 
two-phase flow occurs at the chamber side of the Rigimesh. 

T h e  system of differential equations just described, consisting of 
the two differential equations and three boundary conditions, was solved 
by integrating across the Rigimesh from the chamber side to the segment 
manifold. T h e  integration was performed numerically using the 4th-order 
Runge-Kutta numerical integration technique. All coolant properties (such 
as density, heat capacity, viscosity, heat of vaporization, and boiling point) 
were treated as functions of temperature and/or pressure. 

Rigimesh properties required for solution of the differential equation 
system included the thickness, porosity, thermal conductivity, choked flow 
area and friction factor. Measured Rigimesh thicknesses varied from 0.104 
to 0.135 inch depending on the Rigimesh type. Rigimesh porosities, deter- 
mined through the measurement of the apparent and actual densities, were 
found to range from 10 to 13yo. Although no measurement was made of 
thermal conductivity, sufficiently accurate values were estimated from the 
thermal conductivity of the pure metal (N-155 Multimet) and the Rigimesh 
porosities, based on comparisons with the thermal conductivities of other 
porous metal matrixes. T h e  thermal conductivity was assumed to vary 
with temperature in the same manner as that of the pure metal. 

~~~ 

"References in this appendix are presented in paragraph 5 .  
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T h e  choked flow areas and friction factors were determined from flow 
measurements made on Rigimesh samples using both water and gaseous 
nitrogen as the flow media. Figure B-3 presents typical gaseous nitrogen 
flow data obtained from two of the samples. T h e  slope transitions in each 
curve are indicative of the choking point (i.e., the flow rate at which the 
gas reaches the acoustic velocity at the downstream side of the Rigimesh). 
Note that the upstream choking pressure is considerably greater than the 
upstream choking pressure for an isentropic expansion, because most of 
the pressure drop is due to friction and not expansion effects. T h e  choked 
flow areas calculated from the gas density, acoustic velocity and flow rate 
at the choking point were found to range from 0.6 to 0.9% of the area 
of side A (see figure B-1). Flow measurements made in the opposite direction 
indicated that while the choked flow area oE side B was considerably larger 
than that of side A, the pressure drop was essentially independent of the 
flow direction. This is because the choking effects are insignificant com- 
pared with the frictional effects in most cases. 

Data Points for a120 i 
Thick Rigimesh (8 Laye 
of 12 X 64 Mesh) With 
0.80% Choked Flow Area 

Data Points for 0.135 in. 
A Experimental 

Thick Rigimesh (8 Laye 
of 12 X 64 Mesh) With 
0.77% Choked Flow Area 

12 0.004 0.006 0.008 0.010 0.012 0.014 
GASEOUS NITROGEN FLOW RATE, 

G - lb,/in? sec 
Figure B-3. Ziigirnesh - Gaseous Nitrogen Flow Data FD 19786 

T h e  Rigimesh friction factor was obtained from flow data by means 
of a friction factor correlation method presented in Reference 2. This 
method uses two frictiorl factor coefficients obtained from flow data to give 
a generalized friction factor curve, much the Same as that obtained for pipe 
flow data. The  pressure gradient for flow through Rigimesh is given by: 
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where the friction term contains the sum o f  viscous and inertial contri- 
butions. 

9 

Here CY and /3 are the viscous and inertial coefficients of the friction factor. 
These two coefficients are obtained from integrated forms o f  the pressure 
gradient equation by plotting [(PI - P,)g,p/GLp] versus for a 
liquid, or 

( G / p )  

for isothermal gas flow. Figures 13-4 and B-5 present these plots for water 
flow data and the gaseous nitrogen flow data given in figure B-3. The 
viscous coefficient, a, is the intercept on these plots and the inertial 
coefficient, /3, is the slope. The  water flow data on these plots probably 

8 2.0x10' 
0 

71 
2 
.e 

50.5X10' 

1 
NOTE: Experimental Data 

for 0.135-in. Thick Rigimesh 
(8 Layers of 12 X 64 Mesh) 

I I - Cr. Gaseous Nitrogen Flow Data o- 
--(I Wakr Flow Data I / 

20 40 60 
G/p - ft -'(Thousand) 

Figure B-4. Friction Factor Reduction Plot 
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give the most accurate values of the two coefficients because the incom- 
pressible nature of the water enables more accurate measurements. Using 
(Y and p, a special Reynolds number is defined as NIte = PG/ap. Figure 
B-6 presents the above flow data reduced in the form of the friction factor 
versus Reynolds number. Hence, after the viscous and inertial coefficients 
have been determined for a given piece of Rigimesh, the friction factor 
can be calculated for any coolant, at any temperature and any flow rate 
by the theoretical relationship f = 2/N,, + 2. 

@in. Thick Rigimesh 
rs of 12 X 64 Mesh) 

I I I 

0 20 40 60 
G/p - ft-’ (Thousand) 

0’ 

Figure B-5. Friction Factor Keduction Plot FD 19788 

10.0 
8.0 \ 

i n  I 

f=’ +2 (Theoretical) 
NRe cu 6.0 

I 

Solid symbols indicate water flow data 
nitrogen flow data 

d 
0 
I+ 
U 4.0 ’ 

z 
0 
I+ 
U 2.0 -Note: z! 

2 
0 c( 

Experimental data for 0.135-in. thick Regimeeh 
(8 layers of 12x64 mesh) 

(8 layers of 12X64meeh) 
0 Experimental data for 0.120-in. thick Rigimesh 

I I 
1.0 I I I I 
0.1 1.0 10.0 100.0 

REYNOLDS NUMBER, N R ~  

Figure B-6. Rigimesh Friction Factor Plot 
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Typical solutions iire presented in figure B-7, which gives the predicted 
pressure drop versiis coolant (liquid methane) flow rate for each chamber 
segment. The  minimum coolant flow rate corresponds to a wall tempera- 
ture of 2160"R. T h e  left portions of the curves (Le., positive slopes at low 
coolant flow rates) represent a region where the coolant is gaseous through 
the Rigimesh pores. The  portions of the curves with negative slopes at 
somewhat higher coolant flow rates indicate a region where the coolant 
is liquid through the initial part of the Rigimesh pore and gaseous through 
the remainder of the pore. At sufficiently large flow rates, the coolant is 
liquid throughout the pore, and the pressure drop increases with increasing 
flow rate, as illustrated by the right portions of the 5001, heat flux curve. 

2. PARAMETRIC STUDY 

A parametric study was conducted to examine the sensitivity of the 
predicted pressure drops to the various influencing parameters. T h e  local 
heat flux was found to be the most sensitive parameter, as illustrated by 
figure B-7. Localized variations of this parameter, and the inherent un- 
certainty in using the Rigimesh temperature to determine heat flux, make 
the prediction of the pressure drop and the comparison with experimental 
results most difficult. The  effects of other influencing parameters were 
investigated using the conditions corresponding to segment No. 2. T h e  
pressure drop is also sensitive to the friction factor (composed of the viscous 
and inertial contributions), as can be seen in figure B-8. Although the 
viscous and inertial coefficients of the friction factor were measured for 
Rigimesh test specimens, large local variations and high-temperature 
hysteresis compound the sensitivity of these two parameters. Other param- 
eters such as chamber pressure, coolant inlet temperature and Rigimesh 
thermal conductivity have less significant sensitivity effects; these are also 
shown in figure B-8. T h e  pressure drop in most cases was found to be 
insensitive to parameters such as porosity and choked flow area. 
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Figure B-7. E f f e c t  of Heat  Flux on Coolant Pressure Drop Across Rigimesh (Continued) 
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Figure 8-8. Efjcc,f  of Porrimrtric Vorint ions on Coolnnt Prrssitri, 1)rop Across Rigimesh; 
Segment  N o .  -3 (Cont inued)  

3. CORRELATION O F  TEST RESULTS 

The predicted methane pressure drops for the eight transpiration- 
cooled chamber segments as presented in figure B-7 show three levels of 
heat flux in a n  attempt to estimate maximum, minimum, and expected 
values of predicted pressure drop. Table B-1 presents a comparison of 
the experimental pressure drops from the Task IV tests with the analytical 
predictions to verify the validity of the analytical model. Satisfactory 
agreement of actual and predicted pressure drops was obtained for most 
of the points studied, although large discrepancies were found in many of 
the remaining points. This deviation was not unexpected because a large 
number of parameters that influence the flow cannot be accounted for in 
an analytical solution of what is already a complex flow system. Rigimesh 
properties often deviate grossly from the nominal values, especially in 
material with a high-temperature history as shown during injector testing. 
Also, where boiling occurred within the Rigimesh pores, the pressure drops 
were higher than those predicted. This was expected because boiling 
occurs over a finite flow distance, rather than at a particular point as 
assumed. The  sensitivity of pressure drop to heat flux, in addition to the 
inherent uncertainty in measuring heat f lux from a localized Rigimesh 
temperature reading and a total segment coolant flow rate, compounded 
the difficwlty o f  olltaining good agreement between the experimental and 
predicted results. This analytical model is still considered to be a valuable 
tool for providing initial estimates of coolant pressure drop and wall 
temperatures. In all cases the predicted pressure drops were sufficiently 
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accurate; the actual coolant distribution did not deviate more than a 
maximum of 15% from the desired distribution, and generally did not 
deviate more than 5%. 

TABLE B-I. COMPARATIVE SUMMARY OF EXPERIMENTAL AND 
MEASURED RIGIMESH PRESSURE DROPS 

T e s t  
No. 

Segment Segment Segment Segment Segment Segment Segment Segment 
No. 1 No. 2 No. 3 No. 4 No. 5  No. 6  No. 7 No. 8  

2T C o o l a n t  Flow Rate, I b  / s e c - i n ?  0 .00195 0.00176 0 .00191 0.00197 0 .00299 0 .00539 0 .00383 0.00143 
H e a t  F l u x ,  B t u / s e c - i n ?  2.06 1.00 1 . 7 8  1 . 8 7  2.55* 3 . 6 9  4 . 1 8  1 . 0 9  

9 .7  Measured P r e s s u r e  Drop ,  p s i d  1 0 . 8  23.4 1 4 . 1  8 . 5  5 . 3  2 7 . 9  2 1 . 7  
P r e d i c t e d  P r e s s u r e  Drop ,  p s i d  1 1 . 9  4 . 6  1 5 . 6  1 0 . 8  1 5 . 2  29 .6  5 0 . 9  31.6 

H e a t  F l u x ,  B t u / s e c - i n ?  2 . 0 5  1 .03  1 . 8 8  2 . 0 5  1.60* 2.36* 1 . 7 7  0 . 5 9  
Measured P r e s s u r e  Drop ,  p s i d  1 1 . 6  24.6 1 4 . 3  1 6 . 3  1 0 . 8  2 5 . 5  1 5 . 8  8 . 1  
P r e d i c t e d  P r e s s u r e  Drop ,  p s i d  1 2 . 1  4 . 6  1 7 . 0  1 2 . 3  8 . 0  1 5 . 0  25 .4  15 .5  

H e a t  F l u x ,  B t u / s e c - i n ?  1 . 6 3  0.95 1 . 4 6  2 . Q O  2.10* 3 . 6 5  1 . 2 8  0 . 6 8  
Measured P r e s s u r e  Drop ,  p s i d  1 3 . 4  24 .3  1 7 . 6  18 .1  1 1 . 0  3 8 . 3  2 8 . 3  
P r e d i c t e d  P r e s s u r e  Drop ,  p s i d  9 . 5  5 . 3  1 3 . 0  1 1 . 4  1 3 . 8  3 1 . 5  1 9 . 4  21 .9  

H e a t  F l u x ,  B t u l s e c - i n ?  1.13 0 .43  0 .96  1 .07  1.95* 2.37 1 .21  0 . 6 5  
Measured P r e s s u r e  Drop ,  p s i d  8.8 1 4 . 2  8 . 9  2 3 . 0  1 5 . 4  1 4 . 7  29 .4  
P r e d i c t e d  P r e s s u r e  Drop, p s i d  5 . 3  1 . 8  7.2 4 . 6  1 0 . 7  1 9 . 4  1 9 . 7  20 .5  

H e a t  F l u x ,  B t u / s e c - i n ?  1 . 6 6  0.67 0.88 0.96* 1.34* 2.30 1.59* 0.38 
Measured P r e s s u r e  Drop ,  p s i d  1 0 . 2  22.0 1 2 . 5  3 1 . 9  1 8 . 2  9 . 3  1 9 . 2  
P r e d i c t e d  P r e s s u r e  Drop ,  p s i d  5 . 6  3.1 6 .7  4 . 2  7 . 9  1 9 . 1  2 7 . 7  1 3 . 1  

3T-2 C o o l a n t  Flow R a t e ,  l b m / s e c - i n ?  0.00201 0.00190 0.00198 0.00196 0 .00293 0 .00559 0.00358 0.00130 

4T-2 C o o l a n t  Flow R a t e ,  l b , / s e c - i n ?  0.00152 0.00142 0 .00151 0.00148 0 .00225 0 .00399 0.00267 0 .00101 

7 
5T-2 C o o l a n t  Flow Rate, lb , /sec- in:  0 .00093 0.00087 U.00055 0 .00075 0.00132 0.00244 0.00205 0.03081 

6T-2 C o o l a n t  Flow Rate, l b  / sec- in!  0 .00098 0.00087 0 .00095 0.00076 0 .00136 0.00306 0 .00198 0 .00073 

*Bad t h e r m o c o u p l e  d a t a ,  h e a t  f l u x  e s t i m a t e d  from f i l m  c o e f f i c i e n t s  p r e d i c t e d  by B a r t z  s h o r t - f o r m  method. 
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